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I. INTRODUCTION 


Tuts study of the relations of bed-bug eggs to climate is part of a wider pro- 
gramme on the ecology of the insect. But owing to its peculiarities, the egg 
stage may be considered separately; for eggs cannot move, and the added 
complexities associated with a motile organism capable of choosing an environ- 
ment and of influencing its length of life by active movement (Mellanby, 1938) 
are absent. 

Other workers (Bacot, 1914; Hase, 1917, 1930; Mellanby, 1935; Geisthardt, 
1937) who have worked with Cimex eggs have experimented usually at tem- 
peratures above 13° C. (55-4° F.) which is the lowest constant temperature for 
complete development with hatching. In England, however, room tem- 
peratures are often between 0 and 13° C. for many months at a time (Johnson, 
1938); and it is important to study eggs within this range since high egg 
mortalities undoubtedly occur when it is prolonged (Fig. 1). 

The recent evidence that the threshold for movements of C. lectularius 
depends on the temperature at which bugs have been kept previously 
(Mellanby, 19396) has necessitated a consideration of possible effects of 
acclimatization on the mortality and hatching of the eggs. Some experiments 
in this field are described below; these may have an ecological significance 
although their physiological bases are unknown. For this work is primarily 
ecological, and much of the detail described here has been merely incidental 
to the attempt to discover two important facts, namely, the longest possible time 
an egg can survive and the lowest possible temperature at which it can hatch. 


II. Metuops 


The stock of insects came to us from Beckenham, England, in 1927, and 
ever since has been mass-cultured on rabbit at 23° C. Adults for experimental 
work were kept in 2 x 1} in. tubes (males and females in approximately equal 
numbers) at 23 and 14-16° C. and were given an opportunity to feed twice a 
week and once a week respectively. Eggs were gathered every day from these 
bugs, and the very few unfertilized eggs which were laid were rejected. The 
eggs were detached from the blotting paper on which they had been deposited : 
this involved no mortality, as the following results of an experiment with eggs 
of the same batch show: 


% hatch at 
No. of eggs 23° C., 90 % B.H. 


Attached eggs 292 95-9 
Detached eggs 325 95-7 


Eggs were kept during an experiment in 2 x 1 in. tubes with voile over both 
ends. These tubes were placed either in small battery jars or in small bottles 
(150 c.c.), and the humidity of the air was controlled in the bottles by the 
appropriate mixture of sulphuric acid and water and in the battery jars by an 
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air stream humidified with a glycerine-water mixture for 90 % R.H. (Johnson, 
1939) and an acid-water mixture for 5-10 % R.H.: the acid spray was removed 
by a glass-wool and cellulose filter. Battery jars were used for 5-10 and 
90 % R.H. at the temperatures of 7-8, 10, 14, 18, 23 and 27-5°C. In other 
cases the small closed bottles were used with acid-water mixtures, but since 
these were usually opened at intervals of several days the humidity control 
was adequate. Corks and not rubber bungs were used with closed bottles in 
order to avoid toxic effects (Mellanby & Buxton, 1935). Humidities of air 
streams were checked at intervals of 3-4 days, and values given in the following 
tables are means with a variation of about +2 % R.H. 

The experiments with eggs from 14 to 16° C. were usually done with rela- 
tively small numbers of eggs, for few eggs are laid at this temperature. In the 
mortality and survival experiments many eggs died while hatching. These 
have been counted as having died, not hatched. 

All thermometers used were tested against an accurate standard ther- 
mometer. 


Ill. THE RATE OF DEVELOPMENT OF EGGS 


(1) The rate of development and the period between 
feeding and oviposition of the parent 

Hase (1917) noticed that eggs dissected from female bugs frequently con- 
tained embryos in an advanced stage of development. He suggested that 
variation in the duration of the egg stage was partly due to eggs being in 
different stages of development when laid, and his data showed that eggs 
dissected from a female took longer to reach the hatching time than those laid 
normally. His temperature control was not exact, however (22-26° C.), and 
the variations in duration of the egg stage could possibly have been due to 
temperature differences. 

My own results (Table 1) support Hase’s explanation. In fact, on one 
occasion an egg actually commenced to hatch within an exceedingly starved 
bug. If starved female bed-bugs are fed and then kept at 23° C. they start to 
lay eggs on the 5th or 6th day after the blood meal and will continue to ovi- 
posit for a period of 8-10 days without another feed. The later the eggs are 
laid under these conditions the sooner will they hatch, and although the 
differences in duration from day to day are slight they are often statistically 
significant and show the same trend. The data in Table 1 show an average 
daily decrease in the length of the egg stage of about 2-3 % up to the 12th day 
from the female’s blood meal: this difference is the same at both the incubation 
temperatures used. The coefficients of variation show strikingly that the eggs 
which are laid late possess a very much greater variation in the time required 
to hatch than eggs laid soon after the meal. The variation in this time is very 
considerable with individual eggs; the longest and shortest observed times 
from oviposition to hatching were 3 and 14 days at 23° C. and 22 and 52 days 
at 14°C, 
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Table 1. Mean duration in days from oviposition to hatching and standard 
deviation, of C. lectularius eggs laid at daily intervals after females were fed 
once. Females kept for oviposition at 23° C (73-4° F.):90 % r.n. Results 
for several independent egg batches pooled 





Eggs 
incubated at... 23° C., 90% R.H. 14° C., 90% R.H. 
en , A ay 
Interval Mean time Mean time 
blood meal to oviposition oviposition 
oviposition to hatching No. to hatching No. 
days days hatched 8.D. days hatched $.D. 
5 9-52 33 0-663 44-55 29 2-373 
6 9-13 115 0-520 43-32 77 2-015 
7 8-82 163 0-656 41-78 98 2-371 
8 8-67 205 0-843 40-64 70 2-474 
9 8-60 150 1-015 39-05 58 4-075 
10 8-11 99 1-221 36-40 30 5-675 
11 8-28 40 1-025 36-32 25 5-725 
5 12 7-90 39 1-253 37-32 25 4-193 
13 7-58 26 1-594 = 
14 5-75 12 2-740 


The observations in Table 1 may be explained by assuming that the later 
the eggs are laid after a meal the more advanced is embryonic development; 
for the embryos can develop inside the female before the eggs are laid, since 
fertilization occurs in the ovarioles (Cragg, 1920). At present these facts appear 
to have little ecological significance but they must be taken into consideration 
when experiments are being planned. The variability in survival of eggs when 
exposed to heavy naphtha fumigation (Gough, 1938) may be due to the use of 
eggs of different ages associated with the time of laying after the blood meal. 


(2) The rate of development at various constant temperatures and humidities 


Periods from oviposition to hatching of C. lectularius eggs kept at constant 
temperatures are given in Table 2. All eggs were laid at 23° C. (73-4° F.) and 
placed at the experimental temperatures within the first 24 hr. from ovi- 
position. Under these conditions no eggs hatched at 37° C. (98-6° F.) nor at 
temperatures below 13°C. (55-4° F.). The times for development shown in 
Table 2 are not considered to have serious errors due to the factors discussed 
in the preceding section, since the stock females which laid the eggs were fed 
twice weekly, thus ensuring a rapid oviposition rate. 

The present work confirms the observations of Mellanby and of Geisthardt 
that a wide range of humidity is without effect on the duration of the egg 
stage. Several experiments were made at 99-100 % R.H. (with the eggs kept 
above distilled water) and in those not upset by a growth of mould no lag in 
development at this high humidity, as reported by Clark (1935) for Rhodnius 
eggs, was observed. 

To study the relation of temperature and rate of development the develop- 
mental times for different humidities have been pooled at each temperature 
(Table 3, Fig. 2). Geisthardt records a slight retardation in duration of the 
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Table 2. Duration of the egg stage with standard deviation of C. lectularius from 
oviposition to hatching at various constant temperatures and humidities. 


Hatching and mortality of bed-bug eggs 


Eggs laid at 23° C.; 90 % R.u. 


Duration in days 





Mean - S.D. No. 
"<. % R.H lam ' — hatched 

37 +06 = — — _ 0 
35 +03 — 4-56 0-73 68 
34 +03 7 4-59 0-51 74 
90 4-42 0-49 86 
30 +0-2 7 5-07 0-33 45 
75 4-54 0-54 48 
99-100 4:90 0-78 42 
27:-5+1-0 7 5-95 0-31 93 
75 5-94 0-31 90 
99-100 5-94 0-35 96 
23 +01 0-1 9-16 0-79 74 
7 8-87 1-22 90 

75 9-18 0-68 96 : 
90 9-00 0-95 162 
99-100 9-53 0-92 87 

17-8+1-0» 7 20-18 0-65 7 

75 20-16 0-97 86 
90 21-69 1-56 161 
99-100 20-65 0-86 51 
16-1+0-1 7 29-23 2-46 161 
75 29-17 2-70 178 
90 28-65 2-87 341 
14 +01 90 40-66 4-29 412 
13-1+0°3 90 49-24 4:19 17 
13 +01 13 - — 0 
74 — —~ 1 
90 39-00 — 1 
99-100 — — 0 


Table 3. The duration of the egg stage and its reciprocal (developmental units) 
for C. lectularius eggs. Data as in Table 2 but values for the various humi- 
dities pooled at each temperature. Column five gives values for the thermal 
constants (day-degrees), i.e. (I —t) D, where D is the duration of the egg at 
temperature T and t is the developmental-hatching threshold, 13° C. (see 


Fig. 2) 
Mean Ae Thermal constant: 

’ duration Duration the threshold 

i days dev. units taken as 13° C. 

35 95-0 4-56 0-219 100-32 

34 93-2 4-50 0-222 94-50 

30 86-0 4-83 0-207 82-11 

27-5 81-5 5-94 0-168 86-13 

23 73-4 9-12 0-110 91-20 

17-8 64-0 20-89 0-048 100-27 

16-1 61-0 28-92 0-035 89-65 

14 57-2 40-66 0-025 40-66 

13 55-4 48-67 0-021 0 


egg stage at 35° C. as compared with eggs at 33° C. I have found no significant 
retardation at these temperatures: unfortunately, it is not possible to test the 
significance of Geisthardt’s values, and even so, the difference may be due to 
eggs having been laid at different times after the blood meal. 


i) 
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Table 3 and Fig. 2 show the relation of temperature to the reciprocal of 
the duration of the egg stage after oviposition. This is the temperature-velocity 
curve, and between 18 and 30°C. it appears to be approximately linear. 
Straight lines could, however, be drawn satisfactorily through all of the four 
points or through the three at each end of this range and a slightly different 
slope obtained for each graph. Moreover, the thermal constant is very irregular 
and does not show even a constant trend. 
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Fig. 2. The duration of the period from oviposition to hatching of C. lectularius eggs at constant 
temperatures and the reciprocals of these values plotted against temperature. Data in 
Table 3. © =duration; + =reciprocal. 


(3) Effects of some alternating temperatures on the rate 
of development 


Only two experiments were made with alternating temperatures: 90 °% R.H. 
was used at all temperatures. 

(1) Eggs were placed alternately at 23 and 13-1° C. for 24 hr. at each tem- 
perature until the maximum number had hatched. The transfer from one 
temperature to the other was abrupt, not gradual. 

(2) A similar experiment was made with alternating temperatures of 
27-8 and 17-5° C. 

In the experiment at 23 = 13-1° C. control eggs taken from the same batch 
as the experimental eggs were kept at a constant temperature of 17-9° C. For 
the experiment at 27-8=17-5° C. controls were kept at 23° C., but it is better 
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to take an interpolated value at 22-7° C. from the curve in Fig. 2. since the 
means of the fluctuating temperatures did not keep exactly at 28 and 18°C, 
as originally intended at the start of the experiment. 

The results of the experiments are: 





Mean duration Mean duration at 
wt ‘ 
days 23° 13-1° 
(1) 28=13-1° C, 14-12 7-49 6-63 
Control of 17-9° C. 21-69 
(2) 27-8=°17-5° C. 8-45 4-66 3-79 
Expected at 22-7° C. 9-70 








Reciprocal of time 

















Temperature 

Fig. 3. A hypothetical non-linear temperature velocity curve which illustrates how an equal tem- 
perature fluctuation above and below a mean value can account for an acceleration or a 
retardation of developmental time. With the temperature fluctuation of MG and MF about 
the mean M, EF is greater than GH and, therefore, the fluctuation towards the lower tem- 
perature has a greater effect than the fluctuation towards the higher. Retardation of develop- 
mental speed compared with the speed at M is the result. With the temperature fluctuation 
of M’A and M’C about the mean M’, DC is greater than AB and, therefore, the fluctuation 
towards the higher temperature has a greater effect than the fluctuation towards the lower. 
The result is a shortening of developmental time compared with the time at M’. 


There is thus a decrease in the time from oviposition to hatching when the 
temperature alternates between the limits used, compared with the time taken to 
hatch at a constant temperature midway between the alternating temperatures. 

Now such a decrease at alternating temperatures may be due to two causes: 
either (1) an acceleration of development due solely to the temperature fluc- 
tuations above the mean producing a relatively greater effect than the fluc- 
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tuations below the mean. This would happen with the non-linear temperature- 
velocity curve of C. lectularius (Fig. 3); or (2) an acceleration of development 
apart from (1) above, due to the temperature fluctuation itself. 

A temperature-velocity curve may or may not possess a well-marked linear 
portion over a range of median temperatures. If it does not, or if it is curved 
over the range to be considered, the usual procedure of temperature sum- 
mation is modified in the following way (Sanderson, 1910; Ludwig & Cable, 
1933). 

The amount of development which takes place in one day at any tem- 
perature is expressed by the reciprocal of the time for the completion of the 
whole stage at that temperature. Thus when the same individuals of a develop- 
mental stage, e.g. the egg, complete their development at a number of different 
temperatures, the sum of the products (reciprocal of time for complete develop- 
ment at a temperature x time spent at the particular temperature) for each 
of the different temperatures should be unity. 

Actually this method tends to confuse development itself with time for 
development, and the expression “percentage of development” (Ludwig & 
Cable, 1933) has no meaning except as percentage of the time for complete 
development at one temperature. Thus the assumption is tacitly made that 
the effects of temperature on different phases of development within the 
developmental stage under consideration are the same as for the whole stage. 
That this is almost certainly not so is suggested by the work of Ludwig & 
Cable, who found differences in speed of development at the same alternating 
temperatures, according to whether the higher or the lower temperature was 
administered first (see also next subsection). 

However, I have used this method with the data for C. lectularius. The 
calculations appear below: 


23=13-1° C. 
Amount of development at 23° C. represented by 7-49 (0-110) =0-824 
Amount of development at 13-1° C. represented by 6-63 (0-022) =0-146 
Complete development at 23=13-1° C. represented by 0-970 
Development of control at constant temperature 17-9° C. represented by 21-69 (0-049) =1-063 
Expected development at 18-0° C. (constant) by interpolation 20-25 (0-050) =1-013 
27-8=17-5° C. 
Amount of development at 27-8° C. represented by 4-66 (0-177) =0-825 
Amount of development at 17-5° C. represented by 3-79 (0-046) =0-174 
Complete development at 27-°8=17-5° C. represented by 0-999 
Expected development at 22-7° C. (constant) by interpolation =9-7 (0-107) = 1-038 


The values within brackets in the above calculations, except for that at 
23° C., and the time 9-7 days at 22-7° C., were found by interpolation from the 
graphs in Fig. 2. 

Thus with alternating temperatures unity is not quite attained, and the 
control and expected values at constant temperatures are slightly greater than 
unity: these departures from unity are within the limits of experimental error. 
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Therefore, it cannot be said that the developmental time for C. lectularius 
eggs is affected by the alternating temperatures used here, apart from effects 
due to the non-linearity of the temperature-velocity relationship. This con- 
clusion is in agreement with the views of Ludwig & Cable (1933) for Drosophila 
pupae, that, if the alternate temperatures are both between the threshold and 
the optimum values (as they are in my experiments), then neither acceleration 
nor retardation of developmental time takes place apart from the effects 
associated with non-linearity of the temperature-velocity relationship. 

Ludwig & Cable unfortunately do not explain how they have calculated 
the total time spent by the Drosophila pupae at each of the alternating tem- 
peratures. Slight differences in these values may be obtained when methods 
which do not involve weighting are used. Such differences will affect the 
approximation to unity (and the “percentage of development ”’) for the alter- 
nating temperatures. I have adopted the following method for estimating the 
time spent at each temperature. 

27-8=17-5° C. 
99 eggs to start with: 92 hatched 





"<. No. No. exposed to 
Days daily No. exposed r \ 
exposure means hatched throughout 27-8° C. 17-5° C. 
1 27-4 _ 92 92 _ 
2 17-8 —- 92 — 92 
3 27°5 —- 92 92 — 
4 17-1 — 92 — 92 
5 27-7 ~- 92 92 — 
6 18-0 — 92 — 92 
7 27:8 22 92 92 — 
8 17-7 10 70 — 70 
9 28-1 57 60 60 —e 
10 17:1 2 3 — 3 
1] 28-2 1 1 1 — 
Weighted total time 429 349 
Mean time (weighted) spent at each temp. 4-66 3-79 


Weighted tota] time, e.g. at 27-8° C. =92 eggs for (times) 4 days) 
60 eggs for (times) 1 day) } =429 
1 egg for (times) 1 day) J 
Mean time (weighted) spent at each temp.= Weighted total time _ 
Total no. of eggs exposed. 
Amount of development represented by 
4-66 days at 27-8° C. =4-66 (0-177) =0-825 
3-79 days at 17-5° C. =3-79 (0-046) =0-174 
8-45 days at both temps. =0-999 
Control: 9-70 days at 22-7° C.=9-7 (0-107) =1-038 


(4) Effects of exposure to low temperatures on the rate of subsequent development 


If eggs, newly laid at 23° C., are kept at constant temperatures below 13° C. 
they do not hatch. It is probable, however, that partial development occurs 
below 13° C. which may possibly be detected by comparing the hatching time 
of eggs incubated at 23° C. from oviposition with those brought to 23° C. from 
a prolonged exposure to a low temperature. Then if some development had 
occurred at the low temperature, the time for subsequent development at 
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23° C. would very likely be shorter than that of the control. This method 
neglects all possible acclimatization effects due to a long exposure to a low 
temperature, and these effects may perhaps be either a lengthening or a short- 
ening of the time to hatching quite irrespective of any development having 
taken place. . 

The results from the mortality experiments in § VI below have therefore 
been analysed from this point of view. Hase (1930) has recorded that an 
exposure to a low temperature (2° C.) delayed the time of hatching on sub- 
sequent incubation at 25°C. In my experiments eggs were laid at 23° C. and 
put immediately at various temperatures between 0 and 13°C. (32-0 and 
55-4° F.) for varying periods of time, after which they were incubated at 
23° C. and 90 % r.H. and the mean time until hatching was recorded. Controls 
from the same batch of eggs (i.e. from the same females on the same day) were 
kept at 23°C. and 90 % r.u. from oviposition. In comparing exposed with 
control eggs one other factor in addition to a possible acclimatization effect 
must be borne in mind. 

After a prolonged exposure to a temperature below 13° C. some eggs died. 
It is conceivable that those which died would have taken longer to develop 
at 23° C. than the survivors. Such a selection would give a shorter hatching 
time even if no development had occurred. If, however, the variation in 
hatching time is due to eggs being in different degrees of development when 
laid, the selection of weaker eggs would have the opposite effect; for, as shown 
on p. 156, eggs with older embryos are more easily killed by cold, and thus the 
subsequent hatching time would be prolonged rather than shortened. 

However, in spite of these reservations, the results are set out in Table 4 
and Fig. 4. 

The results for the different mean temperatures may be summarized as 
follows: 

1-0-1-1° C. (33-8-34° F.): At 5 % r.u. all differences between exposed and 
control eggs indicate a shortening, while at 89 % r.H. they suggest a lengthening 
of the subsequent developmental time. When the results of the two humidities 
are combined, there is no evidence that any development occurs even after 
a 28-day exposure. 

4-1-4-3° C, (39-4-39-7° F.): Differences between control and exposed eggs 
indicate the possibility of a slight development after about 3 weeks’ exposure. 
In two cases, 28-30 and 44 days’ exposure, the differences are statistically 
significant. 

7-7-7-8° C. (45-9-46-0° F.) and 9-8°C. (49-6° F.): There is some evidence 
that a very slight amount of development takes place at these temperatures. 

11-7° C. (53-1° F.): A considerable amount of development presumably 
takes place at this temperature; it is evident with every exposure after the 
seventh day. 

In the above results several statistically significant differences between 
developmental times for control and exposed eggs exist, which favours the 








Table 4. Duration and standard deviation in days of the egg stage of C. lectu- 
larius at 23° C., 90 % R.H. after exposures to low temperatures. Controls 


at 23° C., 90 % R.H. from oviposition. (See Fig. 4) 


Exposure No. Duration No. Duration 
days hatched at 23° C. $.D. hatched at 23°C. 
1-1°C., 5 % Bn. 1-0° C., 89 % B.H. 
7 18 10-06 1-90 20 9-50 
14 il 9-56 0-88 18 9-20 
21 4 8-25 0-44 2 9-50 
28 1 8-00 _— 1 11-00 
Control 80 9-56 1-11 72 9-33 
4:3°C., 5 % B.H. 4:1°C., 89 % RH. 
9 24 8-79 1-00 23 9-48 
16 24 8-92 1-00 22 9-50 
23 13 8-54 1-15 13 9-46 
28 6 8-00 2-00 — — 
30 - _- --= 4 9-50 
35 —- — _- 2 9-00 
44 — -- 2 8-00 
Control 36 8-80 1-10 73 9-42 
78° C., 9 % B.H. 77° C., 90 % B.H. 
7 19 9-32 0-66 21 8-76 
14 21 9-05 0-95 30 9-00 
21 13 7:77 0-70 24 8-38 
28 14 8-71 0-59 28 9-00 
35 2 8-00 — 22 8-82 
42 wn . 2 9-00 
Controls 
7, 14, 35 days 7 and 14 days 
18 9-50 0-50 20 9-45 
21 days 21 and 35 days 
13 8-62 1-15 19 8-79 
28 days 28 days 
17 9-35 1-94 12 9-75 
2 days 
28 9-36 
9-8° C., 6 % R.H. 9-8° C., 89 % R.H 
7 28 7-61 1-01 16 8-69 
14 32 7-59 0-96 26 8-62 
21 24 7-58 0-45 30 8-43 
28 10 7-80 0-60 16 8-38 
35 5 8-00 
Control 51 7-76 1-26 74 9-19 
11-7°C., 5% B.H 11-7° C., 89 % R.H. 
7 27 8-26 0-64 29 7-72 
14 13 7-23 1-19 28 7-57 
21 12 6°75 1-54 18 7-11 
27 ] 6-67 0-47 
29 7 6-43 
3U 6 6-17 0-37 
33 i 6-00 0-22 
35 1] 5°73 
42 t 5:50 
Controls 
7, 27, 30 days 7 days 
44 8-80 0-62 19 8-26 
14, 21, 33 days 14 days 
38 8-37 0-81 48 8-81 
21 days 
18 9-06 
29, 35, 42 days 
27 8:74 
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view that slight amounts of development occur below 12° C. and particularly 
in the early stages, i.e. for the first 7 to 9 days’ exposure. At 4° C., however, 
longer exposures seem to be necessary for these initial stages to proceed. 
It is the general trend of these differences which should be considered rather 
than the individual differences, since the numbers of eggs are sometimes 
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Fig. 4. Diagram to illustrate the shortening of developmental time of C. lectularius eggs incubated 
at 23° C. after exposure to low temperatures for various periods of time. Data in Table 4 
pooled for different humidities. © Exposed eggs. @ Corresponding controls, not exposed 
but kept continuously at 23°C. A, 11-7°C. B, 98°C. C, 7-7-7-8°C. D, 4:1-4:3°C. 


very small and the possibility that partial development had occurred before 
oviposition cannot be entirely dismissed, in spite of the fact that controls 
from the same batches were always used. 

Thus, although the method employed is crude, it is possible that slight 
development occurs even at 4° C. after very long exposures and humidity 
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appears to have no consistent effect at the low temperatures. There is no 
evidence that, over the temperature range used, an exposure to a low tem- 
perature consistently increases the subsequent duration of the egg stage as 
claimed for Cimex by Hase (1930). It must be mentioned that Hase exposed 
eggs to 2° C. and reincubated them at 25° C., and that in my experiments at 
i° C. there is apparently a lengthening of the hatching time after 28 days in 
89 % R.H. which is statistically significant. Hase’s results cannot be analysed 
statistically, and the difference he recorded is probably due merely to the 
variation in hatching time of different egg batches. Conclusions that develop- 
ment has occurred which are drawn from the appearance of the embryo (Hase, 
1930; Omori, 1938) are unreliable, since even eyespots may be present im- 
mediately after oviposition; the view that after prolonged exposure to 2° C. 
a considerable percentage of the eggs develop but are unable to hatch (Hase 
in Uvarov, 1931) is probably due to this fact. In Cimex no acceleration of 
development after an exposure to a low temperature occurs as with Melanoplus 
(Parker, 1930) in which an exposure to 0° C. results in a greater subsequent 
acceleration than exposure to 8° C. 

These data for Cimex can be used to illustrate the difficulties and uncer- 
tainties associated with the theory of thermal summation. For, although after 
exposure of the eggs to 13 and 11-7° C., subsequent times for development 
until hatching at 23° C. are shorter than the time for complete development 
at 23°C. from oviposition, they are longer than would be expected from 
thermal summation calculated from the temperature-velocity relationship for 
complete development (Table 3, Fig. 2). Data for 11-7° C. are given in Table 4. 
The results for 89 % r.u. will be considered. The data at 13° C., 0 % R.H. are 
as follows: 

Mean duration from oviposition to hatching of seventy-four control eggs 
at 23° C. and 0 % r.H. = 9-16 days. 

Mean duration from oviposition to hatching at 23° C. and 0 % R.H. after 
previous exposure to 13° C. and 0 % R.H. were 

After 9 days at 13° C., 40 eggs hatched in 7-60 days. 
, 17 “ 31 te 6-36 ,, 
Ra “ 21 o 5:50 ,, 

Then, if we suppose that the amount of development which occurs during 
exposure to a certain temperature is represented by (the number of days 
exposed) x (the reciprocal of the time for complete development at that tem- 
perature), the sum of these products for the period at the low temperature 
and the subsequent incubation at 23° C. should be unity. If the sum is greater 
than unity then the time taken to complete the development at 23°C. is 
longer than would be expected. The sums of the products at the temperatures 
under consideration are given in Table 5. At 23°C. reciprocals of control 


25 


times were taken; at the low temperatures reciprocals were found from the 
temperature-velocity curve in Fig. 2; the value for 11-7° C. was found by 
extrapolation, since no eggs complete development at this temperature. 
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Table 5. Thermal summation of time spent by C. lectularius 
eggs at 11-7 and 13-0° C. and later at 23° C. 
Sum of products (no. days at a temp.) 


x (reciprocal of time for complete 
development at that temp.) for low 





Duration temperatures and for 23° C. 
at low Low temperatures, °C. 
temperature ——— : ——-— 
days 11-7 13-0 
7 0-97 — 
9 - 1-03 
14 1-08 _- 
17 — 1-06 
21 1-16 — 
25 — 1-13 
29 1-22 — 
35 1-25 — 
42 1-35 — 
Controls at 
23° C. throughout 0-91-1-00 1-01 


We can see from Table 5 that the sums of the products are increasingly 
greater than unity the longer the exposure to the low temperature has been. 
Therefore the times necessary to complete development at 23° C. are longer 
than would have been expected. There are three possible explanations for 
this and all are exceedingly difficult to verify. They are as follows: 

(1) Partial development may have occurred at first at the low temperature, 
and the eggs remained exposed to it for some time subsequently during which 
development was in complete abeyance. Thus (exposure time) x (reciprocal 
for developmental time) would represent more development than had actually 
occurred. 

It is unlikely that this has happened, since Fig. 4 suggests that, within 
the exposure times used at 11-7° C., development is continuous. 

(2) There may be a true retardation of development at the higher tem- 
perature due to the effects of the exposure to the lower temperature. 

(3) As Wigglesworth (1939) has pointed out, the principle of thermal 
summation involves the assumption that the accelerating effects of a tem- 
perature are the same on each separate phase of embryonic development as 
on the whole development. If the first phases of development in the cases 
under consideration are slower than is to be expected from the temperature- 
velocity curve, then a longer time for completion of development at 23° C. 
would be necessary than is estimated by thermal summation, even if no true 
retardation occurred. The fact that development is arrested at some tem- 
peratures suggests that the effects of temperature on the rate of development 
of all phases of embryonic growth are not uniform. 

If this is true, then extrapolation to temperatures at which only partial 
development takes place is not justified, and the same applies to the reciprocal 
values at the threshold temperature and at temperatures just above it, where 
many organisms do not complete their development. And in fact, the 
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indiscriminate use of day-degrees at any temperature is, therefore, of doubt- 
ful value for estimating amounts of partial development only. 

It cannot be too strongly stressed that even at temperatures at which 
development is completed by all the individuals, one day-degree represents 
only an average amount of development in terms of time occurring in one 
day and perhaps cannot be used safely for particular phases in embryonic 
growth. 


IV. THRESHOLDS FOR HATCHING AND DEVELOPMENT 
(1) Definitions 


The term “threshold” is used in the sense of Shelford (1929) who writes: 
“The threshold of development is that intensity or amount of any factor 
immediately above which development begins to be perceptible in amount.” 

Uvarov (1931) states that “each partial process of development and the 
effects of external factors on it must be studied separately”, where “ partial 
process” means a well-marked stage in a life-history, e.g. the egg, larva or 
pupa. 

If we consider the development of the egg of C. lectularius in this light, as 
previous workers with the insect have done, then the lowest constant tem- 
perature at which complete development from oviposition to the conclusion 
of the hatching process will occur is 13° C. This cannot rightly be called the 
developmental threshold, however, according to Shelford’s definition, since 
we have seen that a slight amount of development may occur below 13° C., 
although the embryo fails to hatch. Neither is 13° C. the hatching threshold, 
for if eggs are incubated till just before eclosion they will hatch at 8° C. 
(46-4° F.). 

I propose, therefore, to call the constant temperature of 13° C., the develop- 
mental-hatching threshold as distinct from the hatching threshold and the 
developmental threshold. 


(2) Factors affecting the developmental-hatching threshold 


Alternating temperature. It seemed possible, in view of the acceleration in 
development associated with alternating temperatures, that eggs might be 
induced to hatch at a slightly lower mean temperature than 13° C. if fluctua- 
tions in temperature occurred. An experiment with fifty eggs at 90% R.H. 
was, therefore, made with a temperature with a slow mean daily fluctuation 
of +2-2° about a mean of 11-5° C. This range was chosen on account of its 
similarity to the temperature fluctuations likely to be found in rooms in 
English houses. None of the eggs hatched, however, although the experiment 
was continued for 80 days. It seems, therefore, that mean temperatures are 
probably a good guide to the possibility of hatching in nature. 

Atmospheric humidity. Table 6 indicates the effect of humidity at the 
developmental-hatching threshold. 
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Table 6. Hatching of C. lectularius eggs laid at 23° C. and then placed 
at a constant temperature of 13 +0-1° C. and various humidities 


Control from same egg batches: 
at 23° C., 90 % B.H. 
—, 





No. eggs No.eggs No.died — 


% B.H. used hatched hatching No.used No. hatched % hatched 
99-100 100 0 0 31 29 93-5 

90 100 1 1 79 76 96-2 

75 226 1 ll 119 il4 95-8 

13 160 0 0 110 105 95-5 


Although the numbers hatched are very small, there is an indication that 
the humidity has a slight effect. The range 75-90 % is the most favourable to 
hatching among those investigated: this is reflected more particularly in the 
number which died during the hatching process, than in those which emerged 
successfully. Embryos which die while hatching usually manage to emerge 
from the chorion but are unable to withdraw the hind legs from the embryonic 
cuticle. , 

The temperature at which eggs are laid. An experiment was made by taking 
a culture of adults from 23° C. which had ceased to lay eggs owing to lack of 
food, feeding and then placing them at approximately 15 +1-0° C (59-0° F.) 
and 90 % r.H. In this way eggs were obtained which had been formed and 
laid by insects at 15° C. 

A batch of such eggs laid at 15° C. was divided into two lots, one of which 
was placed at 15° and the other at 23°, with 7 % R.H. in each case. The batch 
at 23° C. served as a control for the viability of the eggs. At the same time a 
batch of eggs laid at 23° C. was placed at 15° in the same container, a Kilner 
jar, as the eggs laid at 15° so that the two batches from the different tem- 
peratures were subjected to identical conditions throughout the experiment. 
A control for the eggs laid at 23° C. was kept at 23°, and the experiment 
continued for 3 months. Table 7 shows the result. 


Table 7. Percentage hatch of eggs at 15 + 1-0° C.,7 %R.H., eggs laid at 23 + 0-1° C. 
and at 15+1-0°C., 90 % R.n. Control eggs laid at 15 and 23° C. from the 


— 


same batches as the experimental eggs were kept at 23° C., 7 % R.H. 


Tempera- Control 
ture at hatching 
oviposition No. of % died time 
“ie eggs used % hatch hatching No. used days % hatch 
15 35 2-9) diff. 17-1 44 7-9 86-4 
statis. 
23 70 67-1) sig. 17:1 60 8-1 88-3 


Thus, most of the eggs laid at 15° C. failto hatch at that temperature, although 
the control shows that the batch was a good one. The developmental-hatching 
threshold at 7 % R.H. for eggs laid at 23° C. has not been ascertained precisely 
(see Table 9), but it undoubtedly lies very close to 13°C. It is, therefore, 
somewhat lower for eggs laid at 23° C. than for eggs laid at 15°. This is in all 
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probability a direct effect of temperature; other variables in the experiment 
must, however, be mentioned. First, although the relative humidity at which 
eggs were laid (90 %) was the same at 15° and at 23° C., the saturation defi- 
ciencies were slightly different (1-3 and 2-1 mm.). The effect of this should be 
negligible, since large saturation deficiencies acting for a long time have only 
a slight influence on egg mortality (see Table 12), and this difference existed 
for less than 1 day. Secondly, the eggs laid at 23° and 15° C. were put into the 
15° container within the first 24 hr. after oviposition, by which time the eggs 
laid at 23° C. may have been in a slightly later developmental stage than the 
eggs from 15°; although the controls hatched in 7-9 and 8-1 days at 23° C. 
for eggs laid at 15° and 23° respectively. As far as we know, however, from 
experiments described on pp. 156, 157, the older the eggs, at any rate beyond 
the 4th day at 23°C., the more susceptible they are to death from exposure to 
low temperatures. This would, however, tend to favour hatching from 15° C. 
There is little probability that the eggs laid at 15° C. were in a more advanced 
stage of development than those laid at 23° C. at the start of the experiment, 
since the controls hatched in almost the same time. The only other element 
of uncertainty lies in the possibility that in the very early stages of embryonic 
development eggs are much more easily killed at 15° C. than in the final stages; 
for the experiments on the effect of age in relation to mortality at low tem- 
peratures were made with eggs with a minimum mean age of 12 hr. But in 
this case, eggs laid at 15° C. could scarcely be expected to hatch at 23°C. 
successfully, whereas, in fact, they do. 

But whatever uncertainty exists of the actual mechanism responsible for 
this effect of the ovipositional temperature on mortality at 15° C., the obser- 
vations still have an ecological importance; and it can be said that eggs laid 
at 15° C. in nature will suffer an almost total mortality at that temperature if 
the humidity is low, although if laid at higher temperatures they could be more 
successful under the same conditions. In these short-term experiments there 
is thus no evidence that eggs become adapted to low temperatures. It is very 
desirable that this experiment should be repeated and at other humidities; 
especially since the exact thresholds at 7 % R.H. for eggs laid at 23° C. and at 
90 %, R.H. for eggs laid at 15° C. are not precisely known. In a future experi- 
ment great care should be taken in order to obtain eggs in the same state of 
embryonic development; therefore, only the first eggs laid after the blood 


meal should be used. 


(3) The effect of the temperature during development on the hatching threshold 
It was pointed out in a previous section that if eggs are incubated until 
nearly ready to hatch, they can be placed at temperatures well below 13° C. 
(the developmental-hatching threshold) and they will hatch successfully. 
Kirkpatrick (1923) noted the same phenomenon with Oxycarenus eggs. I call 
the lowest temperature at which the hatching process itself occurs the hatching 


threshold. 
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It is very difficult to determine the exact hatching threshold accurately. 
For in the first place no sharp break occurs between the last stages of develop- 
ment and the commencement of hatching: and it is difficult to estimate when 
two batches of eggs are in exactly the same condition if comparative experi- 
ments are to be made. Even if an arbitrary point in the later stages of develop- 
ment is selected for use it is difficult to procure two egg batches both developed 
exactly to this point. The procedure in my experiments was as follows. 

Eggs were obtained at 23° C. and 90 % r.#. and were incubated until 20- 
30 % of the original number had hatched. The eggs remaining unhatched 
were then placed at low temperatures and the hatching recorded every few 
days. It was thought that the hatching threshold might be affected by the 
temperature at which eggs had been incubated till the arbitrary point had been 
reached and experiments were, therefore, made with the primary incubation 
at 15, 18 and 23° C. 

Eggs laid at 23° C., 90 % R.H. over a period of 4 days by a stock of females 
were split up into three batches; these were placed respectively at 23°C. 
(+0-1), 18° C. (+0-2) and 15° C. (+ 1-0) and at 90 % r.#. Controls from each 
batch were kept at 18° C., 90 % r.u. An attempt was made to remove eggs to 
the low temperatures when the same percentage had hatched in each batch 
at the three above temperatures, but as this proved very difficult it was not 
always possible to do it. For when hatching is once started a few minutes or 
half an hour may result in an extra 10 % hatch above that desired. This fact, 
however, indicates that a considerable proportion of the eggs in the different 
batches are in a very similar stage of development even if the exact proportion 
hatched in each batch is not the same. 

It would be possible to estimate comparable stages of development by 
using day-degrees. But apart from theoretical considerations on the accuracy 
of the method, it was not very practical. For it is not easy to get the large num- 
bers of eggs required for this experiment in a single batch less than 24 hr. old, 
and even this involves an error of +12 hr. at the end of development—a far 
greater error than with the method used here. 

To continue, however, with the details of the method used. After approxi- 
mately the required proportion of eggs had hatched at each temperature the 
remaining unhatched eggs were placed quickly into very small, voile-capped 
tubes which were already at the required low temperatures. Each tube was 
suspended in a 3 x | in. tube, with an acid-water mixture at the bottom giving 
a 90 % R.H., fixed into a vacuum flask filled with water at the low temperature 
to be used; the flasks were kept most of the time in an incubator running at 
9-5-10° C. Quite a satisfactory temperature control was obtained by occa- 
sionally placing the vacuum flasks with the eggs at a higher or lower tem- 
perature until the correct temperature was again assumed (see Table 8 and 
Fig. 5). A very strict watch on temperature was kept during this procedure. 

The eggs were inspected on the day after their insertion into the flasks. 
Only rarely did an egg hatch during this first 24 hr. and, therefore, possibly 
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before the experimental temperature had been attained; for some slight rise 
above this was inevitable, although the whole apparatus was brought to the 


correct temperature before the eggs 
were inserted. These hatches do not, 
however, affect the conclusions. Inspec- 
tion was subsequently made at intervals 
of 3-5 days, but the eggs were not re- 
moved from their tubes and the latter 
extracted only for a few seconds. Table8 
gives the results of the experiments. 

The experiments summarized in 
Table 8 are beset with difficulties, some 
of which have already been mentioned. 
There is another variable in the ex- 
periment, however, which it seems 
cannot be eliminated satisfactorily. 

The dispersion of hatching times 
around a mean value are different for 
eggs kept at 23, 18 and 15° C. and are 
in inverse relation to the temperature 
(Fig. 6). 

Let us consider a certain percent- 
age hatch in three batches of eggs at 
these three temperatures which we 
attempt to obtain before the unhatched 
eggs are exposed to the low tempera- 
tures. This percentage is represented by 
a, b and ec for 23, 18 and 15° C. in 
Fig. 6. The different slopes of the three 
curves at this value indicate that more 
eggs will be ready to hatch at the same 
temperature from the eggs incubated 
at 23° C. than with those from 18° C.; 
and more will be ready from 18° C. 
than from 15°C. Thus, although the 
same percentage hatch may have 
occurred in each of the three batches, 
the numbers hatching at the low 
temperatures will be biased in favour 
of those which received the higher 
preliminary incubation. The extent of 
this error will be very difficult to 





Fig. 5. Apparatus in which eggs were exposed 


to temperatures near the hatching thres- 
hold after having been incubated until 
nearly ready to hatch at higher tempera- 
tures. a, thermometer: }b, cotton-wool 
inside the metal cap of the thermos flask; 
c and d, corks; e, glass container for eggs 
fixed to cork by wire; f, sulphuric acid- 
water mixture; g, water at constant 
temperature; A, wall of vacuum flask. 


estimate. But if no differences in percentages hatched at low temperatures 
from the three groups exist, it cannot be supposed that there has been no 





Eggs 

hatched é 
from the 

figures ar 
percentay 
The a 
the mean 
18° C., 9 
The f 
z eggs 
temperat 
Then 
temperat 


Temperé 
of prelim 
incubat 


23+0 

















C. G. JOHNSON 


Table 8. The effect of the temperature during development on the 
hatching threshold of C. lectularius eggs 


Eggs laid at 23° C., 90 % R.H.; incubated till hatching commenced at 23, 18 and 15° C. and 90 % R.u. The un- 
hatched eggs then put at low temperatures of approximately 10, 9 and 8° C. and 90 % R.u. All eggs in first experiment 
from the same batch collected over a 4-day period. In the second experiment there are two different batches. Italicized 
figures are percentages hatched corrected for mortalities in controls. Figures above italics are the actual (uncorrected 
percentages hatched. 

The actual highest and lowest recorded temperatures are given after each mean for approximately 10, 9 and 8° C.: 
the mean variations are considerably less than these. Temperatures read twice daily for 3-5 weeks. Controls kept at 
18° C., 90 % R.H. from oviposition. 

The percentage hatch corrected for mortality in control is obtained as follows: 

x eggs put at preliminary temperature:, y % hatch: z% hatch in control: z-y % of x viable to start with at low 
temperature: from which is calculated number of viable eggs put at low temperature. 

Then (no. hatched at low temperature/no. viable at low temperature) x 100=corrected percentage hatch at low 
temperature (italicized figures below). 





No. re- 
Temperature maining Control 
of preliminary put at each % hatch of remaining eggs put at low temperatures 
incubation »* low tem- (mean °C. below) No. % 
". hatched perature - ‘ used hatched 
First experiment 

23+0-1 18-2 47 10-1+0-2 9-0 + 1-0 -0-5 — 48 91-7 
36-2 12-8 — 
49-3 17-4 _ 

18+0-2 20-8 56 10-1 +0-4 -0-2 9-2 +0-6 -0-3 8-2+1-7-1-2 56 89-3 
48-2 35-7 21-4 
70-3 521 31-3 

15+1-0 32-7 48 9-9 + 0-6 - 0-4 9-1+0-4-0-2 8-1+0-9 - 0-6 43 81-4 
22:9 2:1 6:3 
47-0 4:3 12-8 

Second experiment 

23+0-1 28:8 52 10:140-5 9-1+0-9 -0-4 7740-7 52 90-4 
26-9 1-9 0 
43-8 31 — 

15+1-0 25-5 30 10:0+0°5 8-9 +0-4 -0-2 7:7+0-7 18 83-3 
26-7 10-0 6-7 
45-5 17-0 11-4 


effect of “acclimatization”. If a higher percentage hatch from a lower 
preliminary temperature, however, one can assume that some “ acclimatization” 
effect has occurred. 

The figures in Table 8 can now be discussed. 

The lowest threshold for hatching yet found with the eggs of C. lectularius 
is 8° C. (46-4° F.). At this temperature the two experiments with the pre- 
liminary incubation of 15° C. show very similar percentage hatches; there is, 
however, a much higher percentage hatch from 18° C. (31-3 % compared with 
12:8 and 11-4 %), and the differences are statistically significant although the 
numbers hatched are small. It is possible of course that the difference may 
be due to the error discussed in the preceding paragraph. This error cannot, 
however, account for the failure of eggs to hatch after a preliminary incuba- 











148 Hatching and mortality of bed-bug eggs 


tion at 23° C. Thus both 15 and 18° C. appear to be more favourable tempera- 
tures than 23° C. for preliminary incubation of eggs before they hatch at 8° C. 

Consider now the incubations at 9° C. Eggs from 18° C. have a higher 
percentage hatch than eggs from either 23 or 15° C., and the differences are 
always statistically significant. Moreover, preliminary incubation at 23 and 
at 15° C. produces similar hatches—17-4 and 4-3 % and 3-1 and 17-0 % for 
23 and 15°C. in the first and second experiments respectively: the former 
percentages are significantly different, the latter are not. It appears, therefore, 








Number hatched 


























Time 


Fig. 6. Diagram to illustrate the dispersion of hatching times of eggs kept at three different 
temperatures. Three frequency distributions of the same area represent the same number of 
eggs which hatch at the three different temperatures: the lower the temperature the larger 
the scatter. Perpendiculars at a, b and ¢ each cut off an equal area from their respective 
distributions. Therefore the points a, 6 and c on the curve indicate when the same percentage 
hatch has occurred at each temperature: but if at this point all the eggs are put at the same 
temperature, then a greater proportion will be ready to hatch from a than from 6, and a 
greater proportion from 6 than from c, in the same time. 


that at this temperature there is little to choose between eggs incubated at 
23 and 15° C. in their ability to hatch at 9° C., but that those from 18° C. are 
much more successful; this would somewhat strengthen the conclusion that 
this difference was not due to the variation in hatching times about the mean 
values at the three preliminary incubation temperatures. 

With the incubations at 10° C. there is again no evidence that preliminary 
incubation at 23 and at 15° C. affect subsequent hatching. In fact the pro- 
portions hatched are remarkably close and with no statistically significant 
differences if the corrected values are taken: these are 49-3 and 47-0 %, 43-8 
and 45-5 % from 23 and 15° C. respectively in the two experiments. But, as 
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with the exposures to 8 and 9° C. eggs first incubated at 18° C. hatch more 
successfully at 10°C. than those first incubated at 23 or 15°C., and the 
differences are statistically significant. 

Thus in spite of all obvious considerations, and particularly the error 
associated with varying degrees of dispersion in hatching at the three pre- 
liminary temperatures, there appears to be a slight adaptation of the hatching 
process to low temperatures: 18° C. appears to be a more favourable tem- 
perature than 23°C. and possibly also more favourable than 15° C. for sub- 
sequent hatching of the eggs at temperatures near the hatching threshold. It 
may be possible to demonstrate that the hatching threshold is below 8° C., 
particularly if a more favourable temperature than 18°C. can be found for 
preliminary incubation and if larger numbers of eggs are procured which are 
nearer to eclosion when placed at the threshold temperature. 


(4) Variation in threshold temperatures during development 


With eggs laid at 23° C. the lowest constant temperature at which develop- 
ment with hatching will occur is 13° C.; but the actual hatching process and 
presumably also the final stages of development will occur at 9° C. It seems 
at first, therefore, that 13°C. is the lowest temperature at which certain 
penultimate processes of development can proceed. But this may not be so, 
for although complete development is not possible if the eggs are kept at 
12° C. from oviposition it may be the prolonged time associated with develop- 
ment at this temperature rather than the temperature itself which causes 
development to cease, e.g. a critical amount of water may be lost after such a 
prolonged exposure. If the eggs were incubated at a higher temperature until 
the processes which stop at 12° C. (when applied constantly) were reached it 
may be possible to induce further development at 12° C. or even at a still 
lower temperature. We have seen that this can be done with the hatching 
process at the threshold. Mellanby (1935) showed that a similar phenomenon 
occurs at the upper hatching limit: for eggs kept constantly at 37° C. will not 
hatch although hatching at 37° C. occurs if the eggs are previously incubated 
for 2 days at 30° C. 

Thus the temperatures at which certain developmental processes cease 
probably cannot be considered apart from the conditions under which previous 
development has taken place. In the determination of developmental thres- 
holds this must be taken into consideration. 


V. SURVIVAL OF EGGS AT CONSTANT TEMPERATURES ABOVE THE 
DEVELOPMENTAL-HATCHING THRESHOLD 
If a stock of bed-bugs is kept at 23° C. with males and females in approxi- 


mately equal numbers so as to ensure a constantly high proportion of fertilized 
females, then there is usually a slight mortality in the eggs which are laid, even 
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if kept at optimal temperatures, quite apart from the unfertilized or “taube” 
eggs which appear when the numbers of sperms are exhausted. The cause of 
this mortality is unknown, for the eggs have a normal appearance and usually 
undergo some development. Table 9 gives the percentage hatch of eggs, all 
of which looked normal within 24 hr. after oviposition, when laid and in- 
cubated at 23° C. 


Table 9. Percentage hatch of C. lectularius eggs at various constant temperatures 
and humidities above the developmental-hatching threshold. All eggs laid 
at 23° C., 90 % R.H. Variations of temperatures as in Table 2. Percentage 
hatch not corrected for control mortality. (See Fig. 7) 


Sig. tests 
No. eggs + =sig., Controls 
"C. °F. %RH. %hatch used S.E. — =not sig. 23° C., 90 % RB.H. 
13-1 55:5 99-100 0 100 
90 1-0 100 may * From same 
75 0-4 226 0-42 batches 
13 0 60 Over 90 % hatch 
7 0 100 
14-0 57-2 90 58-9 699 1-86 Over 90 % hatch 
15-0 59-0 7 67-1 70 5-62 88-3 % hatch 
16-0 608 90 910 100 286} _ | Over 90 % hatch 
15 89-5 200 2-17 r+ 
7 80:5 200 2-80 5 + 
180 644 90 89-0 181 2-331 _ 
15 86-0 100 3-47 | + 
7 77-0 100 4-215 - J 
23-0 73-4 99-100 87-9 99 3-28} _ 
90 93:1 1786 0-60; . 7+) u 
15 97-0 99 1-713 > 
7 9-9 275 watt f 
28-0 82-4 99-100 96-0 100 1-96 | _ 
15 90-0 100 3-00 ! - 
7 930 100 255} - 
30-0 86-0 99-100 85:8 148 2-87 \ mt 
15 913 309 1-60 | on 
7 90-0 50 4-24 5 - 
34-0 93-2 90 86-0 100 3-47 } +] 
7 74-0 100 4:39 +) 
34-5 94:1 99-100 63-2 114 oant 1 J P+ Over 90 % hatch 
75 87-8 115 3053+ J 
7 70-2 67 5-59 
5.5 ° 75 on. i i) 
on a? ar aes} 2 Over 90 % hatch 
37-0 98-6 low 0 100 Over 90 % hatch 


(1) The effect of temperature and humidity during incubation 


Consider, in Table 9 and Fig. 7, the eggs which were laid at 23° C. and 
incubated at various temperatures. As the temperature rises above 13° C. 
the optimum range is approached very quickly and it extends from about 
16° C. (60-8° F.) to beyond 30° C. (86-0° F.). At temperatures above 30° C. 
mortality sets in very quickly when the humidity is low till at 37° C. no eggs 
hatch. At the higher humidities of 75-90 % the optimum range of temperature 
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is wider, particularly at the high temperatures, and extends to about 34- 
35° C. 

Humidity appears to have a very slight but noticeable effect on mortality 
within the greater part of the optimum range of temperatures: very low 
humidities in this range are slightly less favourable, either to the development 
or to the hatching of eggs, than 90 %. Relative humidities of 99-100 % 
appear to be less favourable than those of 90 %, at least towards the higher 
temperatures. 
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Fig. 7. Percentage hatch of C. lectularius eggs laid at 23 and 15° C. and then incubated at various 
constant temperatures and humidities. Lines drawn by hand through the points for the low 
humidities. Data in Tables 9 and 10 but batches incubated at 100 % R.H. are omitted from 
the figure. © laid at 23° C., 75-90 % R.u. during incubation. A laid at 23°C., 7% R.H. 
during incubation. e laid at 15° C., 90-95 % r.u. during incubation. « laid at 15°C., 
7 % B.H. during incubation, 


These results contradict Mellanby’s statement (1935) that “below 30° C. 
the eggs hatched in as great numbers, whatever the humidity”, but they agree 
largely with the results of Geisthardt who states 70 % r.H. to be an optimal 
humidity from 16-4 to 34-4° C. He claims 100 % r.u. to be optimal between 
19-5 and 30-5° C., however, but he gives no data. The effects of humidity are 
most noticeable at the high temperatures outside the optimal range. 


(2) The effect on mortality of the temperature at which eggs are laid 


For a comparison of the survival of eggs which were laid at 23° C. with 
others laid at approximately 15° C. the following experiments were made. 
Bugs from the same culture as those from which eggs were obtained at 
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23° C. were kept without food until egg laying had ceased. They were then 
fed and, with males and females in about equal numbers, were placed at 
15+1-0° C. until oviposition recommenced. The eggs thus obtained were 
placed at various temperatures (data in Table 10 and Fig. 7). Some of the 
results obtained have already been discussed in connexion with the effect of 
the temperature of oviposition on the developmental-hatching threshold 
(p. 143). This threshold for eggs laid at 15° C. is approximately 2° C. (3-6° F.) 
higher than for eggs laid at 23° C., and the lowest temperature in the optimum 
range is about 18° C. as compared with 16° C. for the eggs laid at 23° C. The 
upper temperature limit for complete development with hatching is at a lower 
temperature with eggs laid at 15° C. compared with those laid at 23° C. and 
humidity has, again, a marked effect at these high temperatures. 


Table 10. Percentage hatch of C. lectularius eggs at various constant temperatures 
above the developmental-hatching threshold. Eggs laid at 15+1-0 and 
23+0-1° C., 90 % R.H. at both temperatures. 

The eggs laid at 23° C. and considered below, were incubated side by side and simultaneously 


with the corresponding eggs laid at 15° C. Incubations at 23° C., 7 %R.H. are with eggs from 
same batches as incubations at 15 and 34-4° C. and act therefore as controls. (See Fig. 7.) 





Eggs laid at 15° C. Eggs laid at 23° C. Signif. test 
P A join —_ between 
°C. and % RB.H. % No. S.E. % No. S.E. hatch for 
during incubation hatch used % hatch used % 15 and 23°C. 
15 +10, 7% 2-9 35 2-84 67-1 70 5-62 Signif. 
18 +0-2, 90% 95-8 192 — —_ _ — — 
23 +01, 90% 81:8 ll — —_ _ - — 
71% * 86-4 44 5:17 88-3 60 4-15 Not sig. 
27-6+0-4, 95 % 100-0 13 ~~ a ~ om _ 
7% 90-9 ll _ — — — - 
34:4+0-7, 7% 0 35 -- 70-2 67 5-59 Signif. 
34:8+0-6, 95% 25-0 20 9-68 See Table 9, not simultaneous Signif. 


Thus eggs laid at 15° C. appear to have a more restricted range of tem- 
perature within which they can develop and hatch successfully than have eggs 
laid at 23° C.; and this restriction occurs at both ends of the range of effective 
temperatures. Between 18 and 27-6°C. the eggs hatch with equal success 
whether they are laid at 15 or at 23° C. 

As explained on p. 144, eggs laid at 15° C. may be in a slightly different 
developmental stage from eggs from 23° C. at the start of the experiment, and 
the possibility that very young embryos cannot withstand high and low 
temperatures as well as older embryos must not yet be dismissed. 

In the very large numbers of egg batches with which I have worked, only 
on rare occasions has no mortality occurred even at optimal temperatures and 
humidities; this was, apparently, not the experience of Geisthardt, although 
he gives no tables of figures and plots no points on his graphs. He obtained 
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eggs at 27° C. however, which may have made the difference. A general con- 
clusion which may be drawn from these experiments is that at temperatures 
between 18 and 31 or 32° C. the hatch will be between 80 and 95 % whatever 
the humidity above 7 %, and perhaps at whatever temperature from 15 to 
23° C. at which the eggs are laid. 


VI. SURVIVAL OF EGGS AT TEMPERATURES BELOW THE 
DEVELOPMENTAL-HATCHING THRESHOLD 


In unheated rooms in England the winter temperatures are usually well 
below 13° C., the developmental-hatching threshold, for several months at a 
time (see Fig. 1 and Johnson, 1938), although temperatures below 0° C, 
(32° F.) are not often sustained for many hours. It is important, therefore, 
for practical purposes, to know how long eggs in various stages of development, 
which have been laid at different temperatures, can remain alive and 
capable of hatching. Knowledge of the mortality among eggs after varying 
periods of exposure to such subthreshold temperatures is relevant also in 
studies of bed-bug populations. 


(1) The use of “probits” in the analysis of egg mortalities 
after various times of exposure 


If several batches of eggs are each given a different period of exposure to 
a certain lethal temperature a sigmoid curve is obtained when the resulting 
percentage mortalities are plotted against exposure times. It is not practicable 
to compare two such mortality curves obtained with different lethal tem- 
peratures; but if the percentage mortalities are converted into “probits” by 
means of a table (Bliss, 1935a) the relation between “probits” and length of 
exposure may be linear (Fig. 8). The usual equations for linear regression may 
then be used and two curves compared. Thus it is possible to find the “ median 
exposure for death” which is the length of exposure necessary to cause 50 % 
mortality (probit value for 50 °% mortality =5), and a standard deviation of 
this value can be obtained which enables significance tests to be made. Simi- 
larly, it is possible to test statistically whether the same exposures produce 
different mortalities at different temperatures. 

After the mortalities found by experiment have been converted into 
probits by Bliss’s table, the best-fitting straight line which represents the 
probit-exposure relationship is found. It is customary to test this line for 
goodness of fit; that is, to see if the assumption that the probit-exposure 
relationship is linear is reasonable for the available data. This is done by means 
of the x* test (Fisher, 1936); the smaller the value of x? the greater is the 
probability that the relationship is linear. 

When the best-fitting straight line has been obtained the regression 
coefficient, b, will also be knuwn. 
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Then, the value of any probit Y after an exposure X is 
Y=y7+b (X-—-2Z), 
where Z and 7 are the mean values of exposure times and probit values respec- 
tively for the whole series. 


Thus if we wish to know the time at which 50 % mortality occurs (the 
median exposure for death) then Y=5 and we solve the equation for X. 


The variance of X (i.e. o*) = i — (5—y* 
— Sw b? © b*(Swa?—z Swa) 
Lames ae (X—z)? 
The variance of Y= 55+ (Sia? —z Swe)’ 


if the linear relation holds good, i.e. if x? is not significantly different from 
zero. If x? is significant or the relationship of probit to exposure time is not 
clearly linear, then the above value for V(Y) is multiplied by x?/n, where 


n=degrees of freedom or the number of exposures made minus 2: w in the 


above equations is the weighting coefficient. 

Thus it is clear that any time (e.g. the “median exposure for death”) or 
any probit along the regression line is the best estimate which can be made 
from the experimental data of the exposure necessary to produce a certain 
mortality, or of the mortality after a certain exposure. 

Now two probit-exposure lines can differ either in position or in slope 
(Fig. 8). If they differ in position it means that mortality sets in sooner with 
the one than with the other. If they differ in slope (in which case some parts 
of the lines will also differ in position) then the scatter of mortality values 
about the mean is different; the steeper the slope, the smaller the scatter. 

It is possible that the median exposure for death may be the same for two 
series of data; then, the regression lines will either coincide along their whole 
length or will cross at probit value 5. If the slopes of the curves are signi- 
ficantly different (i.e. if the two values of b differ significantly) but cross at 
probit 5, then different exposures, other than the median exposure for death, 
will produce different mortalities in the two cases. This means that although 
the median exposures (or mean lengths of life) are the same, the scatter about 
the median value (or mean) is more with one series than with the other 
(Fig. 8). 

The use of probits is fully discussed in papers by Bliss (1935 a, 6) and Irwin 
(1937). 

In experiments described below in which eggs have been subjected to 
temperatures below 13° C., control eggs from the same batches as the experi- 
mental eggs (i.e. eggs laid by the same bugs, at the same time) were kept at 
23° C. and 90 % r.H. from oviposition. Not all the eggs in the controls hatch, 
and there is, therefore, a certain proportion of the experimental eggs which 
must be considered as dead when the experiment starts. The mortalities in 
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the experimental batches were, therefore, corrected according to the mortality 
in the control by the following formula (Bliss, 1935a). 


Percentage mortality (corrected) = 


. no. alive in control 
100 i(ne. used in exp. 


no. used in control 
no. alive in control 


no. used in exp. x — ; 
P no. used in control 


) — no. alive in exp. 
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Fig. 8. Graphs illustrating percentage mortalities and the corresponding probit values with an 
organism subjected to a harmful influence for different intervals of time. © % mortality, 
¢ probits corresponding to % mortalities in the left-hand graphs. Top: mortality curves which 
differ in position but not in slope. Bottom: mortality curves which differ in slope but not 
in position at the median exposure for death (i.e. for 50 % mort.). 


Occasionally after a short exposure to a low temperature, more eggs hatched 
in the experimental batch than in the control; in these cases no correction 
was made. Otherwise the corrected mortality was used to find the probit 
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value in all the following experiments where eggs have been exposed to 
temperatures below 13° C. In the great majority of cases the value for x? was 
small and not significantly different from zero, indicating that the probit- 
exposure regression line could be regarded as linear. 


(2) Mortalities after exposure to temperatures between 
1 and 13° C. with eggs of different ages 


Since embryos may be in different stages of development when eggs are 
laid it is necessary to know if such differences are likely to affect the results 
of exposure experiments. Observations have, therefore, been made on the 
effects of exposures to a temperature of 7-7° C. on eggs in different stages of 
development. 

Batches of eggs were incubated at 23° C. (the temperatures at which they 
were laid) and 90 % r.H. for periods from within 24 hr. up to 7 days after 
oviposition, and they were then placed at 7-7° C. and 90 % r.u. After various 
periods they were extracted and incubated at 23°C., 90 % r.H. until the 
maximum number had hatched. 

All the eggs used in this experiment, which were collected and used daily, 
were laid in the first 2 or 3 days after the females had fed. Controls from the 
same batches as the experimental eggs all showed more than a 9-day mean for 
the period from oviposition to hatching at 23°. The experimental eggs can, 
therefore, all be considered as young and in about the same stage of develop- 
ment when the experiment started. The results are summarized in Table 11 
and Fig. 9 except for eggs up to 24 hr. old; data for these are in Table 16. 

There appears to be little difference in susceptibility to the low temperature 
with eggs kept at 23°C. until the fourth day after oviposition. The median 
exposures for death are not significantly different between eggs with 1, 2 and 
4 days’ preliminary incubation. The slopes of the probit-exposure regression 
lines for these eggs are also very close, and the only significant differences 
which exist are between the two lines for the eggs 4 days old (of which there are 
two experiments) and between one of these lines and that for eggs within 
24 hr. old when exposure commenced. The slopes of the regression lines for 
eggs with 6 and 7 days’ preliminary incubation are less steep (i.e. scatter about 
the mean is less) than the lines for the eggs with shorter preliminary incuba- 
tions and the differences are statistically significant. The median exposure for 
death is significantly shorter with the seventh than with the sixth day prelim- 
inary incubation and significantly shorter in both of these than in eggs up to 
4 days old before exposure. 

Thus the longer the eggs are kept at 23° C. after the fourth day, the more 
quickly they die when subjected to 7-7° C. This may be due to the advanced 
condition of the embryo or to an acclimatization effect associated with the 
longer exposure to 23° C. These results do not agree with those of Geisthardt. 
He kept eggs at 27° C. till they were nearly ready to hatch, and then subjected 
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Table 11. Data on percentage mortalities of C. lectularius eggs exposed to 7-7° C. 
and 90 % B.H. after preliminary incubation periods at 23° C. and 90 % R.H. 
For eggs with up to 1 day preliminary incubation see Table 16. (See Fig. 9). 


I. Period of exposure to 7-7° C., 90 % R.H. in days. 

II. Number of eggs used. 

III. Percentage mortality corrected for control mortality. 

IV. Regression coefficient and variance (ital.) for probit-exposure relationship, in days. 
V. Median exposure for death and variance (ital.), in days. 

VI. x* of probit-exposure relationship. 


Days’ 
prelim. 
incub. 
2 I 10 15 20 27 30 35 40 45 49 50 55 
II 38 40 50 48 50 50 50 56 30 30 50 
Il 2:8 10-0 28-7 23-4 51-0 62-1 717-4 93-9 100-0 96-6 97-9 
IV 0-0887 0-000047 
V 30°51 0-6798 
VI 10-94 
4 I 14 22 28 35 42 49 
II 20 25 35 35 40 42 
Ill 20-2 40-4 42-3 54-4 78-7 100-0 
lil 0-0677 0:000095 
V 29-10 2-5069 
VI 5-22 
4 I 10 16 21 28 35 42 45 50 
I 24 21 24 28 30 30 40 37 
Il 12-5 5-1 12-6 28-8 61-5 75:5 89-5 100-0 
IV 0-0961 0-000100 
V 32-30 1-2628 
VI 4-98 
6 | 10 16 23 30 35 40 
II 25 30 35 35 40 50 
III 8-0 0 26-5 87-2 97-2 100-0 
IV 0:2354 0-001198 
V 25-62 0-4814 
VI 0-90 
7 I 9 10 15 20 25 31 35 40 
IL 50 23 40 40 50 60 90 50 
Ill 6-0 56 9-5 17°3 52-4 82-8 97-7 100-0 
IV 0-1380 0-000120 
V 23-39 0-4302 
VI 27-84 


them to a temperature of 0-2° C. for 7 days. 92 % of the eggs hatched com- 
pared with 15 % of eggs exposed to 0-2° C. when they were only 24 hr. old. 
Geisthardt gives no details of the experiment, however, and did not use a con- 
trol for the young eggs. Omori (1938) found that the percentage hatch on 
exposure to 0° C. for 14 days is higher with younger than with old eggs, but 
the reverse was true for 7-day exposures. Definite conclusions for the general 
behaviour of eggs of different ages to low temperatures cannot, however, be 
drawn from the experiments of Geisthardt and Omori, since neither of these 
workers found the time required for a median or mean exposure for death. 
Variations in the scatter of mortalities about the median time due to inherent 
differences in the material rather than differences due to the age of the eggs 
may produce results which appear to be contradictory. 
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(3) Survival at temperatures between 1 and 13° C. when 
saturation deficiency is constant 


From these experiments eggs were laid at 23° C.: no eggs which were laid 
later than the third day after the females had fed were used. All eggs were 
collected within 24 hr. after oviposition and then placed at various low tem- 
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Fig. 9. Regression lines of probits,on exposure for eggs of C. lectularius in various stages of 
development exposed to 7-7° C. and 90 % R.H. The eggs were incubated at 23° C, and 90 % 
R.H. for periods of less than 1 day, and for 2, 4, 6 and 7 days following oviposition: they were 
then exposed to 7-7° C. for varying periods. The length of the preliminary incubation is 
indicated at the side of each graph. Data in Table 11. 


peratures and different humidities. Samples were extracted after definite 
periods and incubated at 23° C. and 90 % r.x. A control batch of from 20 to 
30 eggs was taken from the same batch as the experimental eggs in each case 
and used for correcting the experimental mortalities as already explained 
(p. 155). 

Table 12 gives the median exposures for death and their variances for a 
number of temperature and humidity combinations. Those data which are 
asterisked are at two similar saturation deficiencies—between 5-1 and 5-8 and 
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between 2-4 and 2-9 mm. It was considered that saturation deficiency rather 
than relative humidity should be constant when considering the effects of 
temperature, since the loss of water from the egg is probably controlled by 
saturation deficiency. Fig. 10 illustrates the results graphically. At both 
saturation deficiencies a similar relation of mean survival time to tem- 
perature is evident and the lower the temperature between 0 and 12° C. the 
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Fig. 10. Relation of the median exposure for death of C. lectularius eggs to temperatures between 
1 and 12° C. and at constant saturation deficiencies. @ =saturation deficiency 2-4-2-9 mm., 
b=1-48; O =saturation deficiency 5-1-5-8 mm., b=1-77. The median exposures for death 
at 1-0 and 1-1° C. are included in the figure, for although the saturation deficiencies are 4-7 
and 0-6 mm, respectively humidity appears to have no effect at this temperature. The 
regression lines are fitted. Data asterisked in Table 12. 


shorter is the survival time. If the regression lines for probits and exposures 
are inspected (Tables 14-19, and Fig. 13) it appears that the differences in the 
median exposures for death are associated with a displacement of the mortality 
curves along the time axis rather than with differences in slope of the regression 
lines. This would mean that the initial mortality is delayed at the higher 
temperature but that once this has started eggs die at about the same rate. 
In the asterisked data in Table 12 and Fig. 10 the unweighted regression 
coefficients for median exposure to death with temperature are 1-77 and 1-48 
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for low and high humidities respectively. That is, for every 1° C. rise in tem- 
perature the median exposure is lengthened by 1-77 and 1-48 days in each 
case. But the two regression lines do not differ significantly in slope nor in 
position at any point on them. 


Table 12. Exposures for 50 % mortality (median exposure for death) and for 
99-99 % mortality for C. lectularius eggs at temperatures between 1 and 
13° C. and various humidities. Asterisked data are used in Fig. 10 for the 
effect of temperature at similar saturation deficiencies (see Figs. 10-12). 


Exposures and variances 





Mean (ital.) in days 
- s ~ Sat. def... ————__+»—__—__,, 
°C. ae % RH. mm. 50 % 99-99 % 

mortality mortality 
1-:0+0°8 33-8 89 0-5 11-1 1-098 38-7 
1:14+0°8 34-0 — 4:7 11-6 1-199 39-8 
4:14+0°8 39-4 89 0-7 23-8 1-368 65:8 
4:2+0°8 39-6 70 1:8 22-9 1-120 55-6 
*4-0+0°8 39-2 60 2-4 26-1 8-322 59-2 
*4-0+0°8 39-2 15 5-1 21-0 1-866 60:5 
*4-3+0-8 39-7 5 5:8 17-8 0-522 47-4 
*6-7+1-0 44-1] 65 2-6 24-8 1-331 51-8 
*6-9+1-0 44-4 29 5:3 24-0 1-516 54-5 
77+1-0 45:9 90 0-8 30-2 0-744 68-3 
7-8+1-0 46-0 9 7-2 23-9 0-889 50-1 
*9-14+1-1 48:4 72 2-4 28-4 1-549 61-7 
*9-3+1-1 48-7 42 5-1 25-7 1:535 51-4 
9-8+1-1 49-6 89 1-0 25:8 0-774 55-0 
9-8+ 1-1 49-6 6 8-5 23-5 0-922 52-5 
11-7+0°8 53-1 89 1-1 26-7 1-409 73-3 
11-7+0°8 53-1 5 9-8 19-8 1-217 55:8 
*12-1+1-0 53:8 73 2-9 33-9 1-610 79-8 
*12-14+1-0 — 46 5-7 28-9 1-212 62-5 
12-1+1-0 _- 25 79 24-4 0-854 49-3 
12-1+1-0 _- v-1 10-6 23-3 0-693 43-6 
13-0+ 0-2 55-4 0-1 11-1 25-7 1-606 62-3 


For practical purposes in bed-bug control a knowledge of the exposure at 
which a complete mortality is to be expected is more important than that for the 
exposure for a 50 % mortality.. The exposures which would be expected to 
produce 99-99 % mortality have, therefore, been found (Table 12). With these 
as with values for a 50 % mortality the higher the temperature between 1 
and 12° C. the longer do eggs survive when saturation deficiencies are constant. 
The relationship is not so well marked as with median exposures for death and 
this is undoubtedly associated with the differences in the slopes of the regres- 
sion lines. For at 100 % mortality deviation from the mean exposure time is 
maximal and random variations in the material rather than temperature 
effects are perhaps responsible for such differences in scatter (see p. 157). 
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(4) The effect of atmospheric humidity on survival at 
temperatures between 1 and 13° C, 


It can hardly be expected that the effect of humidity between 1 and 13° C. 
would be very marked, for the greatest saturation deficit is only 11-1 mm. At 
approximately 12° C. an experiment was made with a wide range of humidity. 
The curves for median exposure for death against saturation deficiency (Fig. 
10) show that the longest survival time is associated with the lowest saturation 
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Fig. 11. The relation between the median exposure for death of C. lectularius eggs and tem- 
peratures between 1 and 12° C. with various humidities. Data in Table 12. @ =saturation 
deficiency less than 4-7 mm.; O =saturation deficiency of 4-7 mm. and more. 


deficiency. A relatively wide range of humidity at 1°, however, appears to 
have no effect on the survival time (Table 12). It is seen from Fig. 10 that 
over the whole temperature range the lower saturation deficiencies seem to 
favour survival times, although at 99-99 % mortality this is obvious only at 
the higher temperatures; for median exposures, however, the regression lines 
for the two saturation deficiencies differ significantly neither in slope nor in 
position at any point on them. Fig. 11 includes all the data from Table 12. 
A line may be drawn which separates, roughly, times for 50 % mortality 
above and below about 5 mm. saturation deficit. Fig. 12 shows the effect of 
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saturation deficit at each of the temperatures studied for the median exposure 
for death; the higher temperatures and lower saturation deficits favour sur- 
vival except at 1°C. Even if the evaporative power of the air is measured by 
(saturation deficit x exposure time) no simple relationship between humidity 
and survival is apparent over the whole temperature range. 

Thus at temperatures immediately below 13°C., as with those above, 
humidity has a slight but definite effect on survival of C. lectularius eggs. The 
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Fig. 12. The relation between median exposure for death of C. lectularius eggs and saturation 
deficiency at temperatures between 1 and 12°C. Data in Table 12. 


e 1-0-1-1°C. @ 91- 9-8°C. 
+ 4-0-4:3° C, © 11-7-12-1° C. 
© 6-7-7-8° C. 


data at 12 and 4°C. suggest that the median humidities at those temperatures— 
50-80 % R.H.—may be most favourable (Table 12). But the effects, in general, 
are not sufficiently well marked to allow more precise conclusions to be made. 


(5) The temperatures at which eggs are laid and survival 
between 1 and 13° C. 


As we have already seen, the temperature at which eggs are laid or at which 
they form inside the female affects the survival above 13° C. and hatching at 
the hatching threshold. Experiments were made to test the effects of tem- 
perature at which eggs were laid on survival below 13° C. 
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Eggs were obtained, as explained on p. 143, at 23, 18 and 15°C. and were 
then exposed to 10+0-2°C. and 90 % r.w. Samples were extracted after 
certain intervals and incubated at 18° C. and 90 % r.x. Controls were also 
kept at 18° C. and 90 % r.u. The results appear in Table 13. 


Table 13. The effect of the temperature of oviposition on the mortality of C. lec- 
tularius eggs at 10° C. and 90 % R.H. with subsequent incubation and controls 
kept at 18° C. and 90 % R.H. 


Percentage mortalities in the table are the corrected values. 
Figures in brackets are numbers of eggs used. 





Days at Temperature at oviposition, °C. 
10° C. cr sn .) 
90 % R.H. 23 18 15 
% mortality % mortality % mortality 
13 12-5 (40) o — 
21 = ~ 5-0 (20) 
23 25-6 (40) a ~— 
24 — 29-3 (11) = 
25 a 50-0 (20) — 
30 64-3 (40) — 66-8 (30) 
33 — 61-8 (32) — 
40 94-1 (40) —_ 96-2 (29) 
41 _ 95-0 (22) — 
Controls 16-0 (50) Taken as 10% For 21 days 
12:5 (8) 
For 30 days 
9-5 (21) 
For 40 days 


taken as 10 % 


Occasionally, owing to the small numbers of eggs obtainable at 18 and 
15° C. no controls were taken. It has been assumed that in these cases a 90 % 
hatch would have occurred in controls had they been kept, and appropriate 
corrections were made from this basis. In any case, the percentage mortalities 
are so close in the three series, 23, 18 and 15° C., whether they are corrected 
or not that the conclusions are the same providing the mortality is due in every 
case of exposure to 10° C. and not to some other cause; that this is so cannot 
be seriously doubted. 

The results of the experiment indicate, then, that the temperature at which 
eggs are laid is without effect on the mortality produced by exposures to 
10° C., 90 % n.H. followed by incubation at 18° C., 90 % r.x. This result is 
rather unexpected in view of the definite effect of ovipositional temperature 
on mortality at the developmental-hatching threshold (p. 143); no explanation 
is offered to account for the discrepancy in the two results. 


(6) The scatter of mortalities about the median exposure for death— 
or the slope of the probit-exposure regression line 


I have tried to find evidence of association between the values of the 
regression coefficient, b, of the probit-exposure relationship and temperature, 
relative humidity and saturation deficiency. There appears to be a slight 
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tendency for the larger values of b to be associated with low humidities at any 
one temperature. Many of the differences in the values of b for high and low 
humidities are statistically significant (Tables 14-19 and Fig. 13). There seems 
to be only a very weak relation between the values of } and saturation defi- 
ciency irrespective of temperature and none whatever with temperature when 
saturation deficiency is constant. It is probable that most of the variation of 
b is inherent in the material rather than due to the environment of the eggs. 


(7) The results of other workers 


Hase (1930) and Omori (1938) have worked with eggs at temperatures 
below 13°C. The percentage mortalities in my experiments agree well with 
those obtained by Hase at a temperature of 2°C. But Omori obtained much 
shorter survival times at 0°C. For example, he records 100 % mortality at 
21 days’ exposure; my observed exposures for complete mortality at 1° C. are 
35 days for both humidities used. It is quite probable, however, that with a 
sufficient number of samples I also would have had some which gave 100 % 
mortality in 21 days, even at 1° C. 

It has been stated (see Uvarov, 1931) that even short exposures of 3 days 
to 2° C. results in some mortality, for only 93 % of the eggs hatch. It is most 
probable, however, that this mortality was not due to the low temperature; 
for my controls which had not been subjected to a low temperature almost 
invariably showed such a slight mortality. 


(8) Tables and diagrams of experimental data 


The following Tables 14-19 (see Fig. 13) give data for percentage mortality 
of C. lectularius eggs after exposure to various temperatures between 1 and 
13° C. and different humidities for varying periods in days. The exposures 
commenced within 24 hr. after oviposition. Eggs were laid and reincubated 
after exposure and controls were kept from oviposition at 23° C. and 90 % R.H. 

The following data are given in the tables below: 


I. Period of exposure in days. 
II. Number of eggs used. 
III. Percentage mortality corrected for control mortality. 
b. The regression coefficient the probit-exposure relationship. 
V(b). The variance of b. 


9 


x. For the probit-exposure regression line. 


Other necessary data are to be found in Table 12. These are: median ex- 
posure for death and variance in days and the exposure for 99-99 °% mortality. 
Temperature variations, about the mean values which are given in the 
following tables, are also set out in Table 12. 
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Table 14. Exposure temperature approx. 1° C. 


11°C. 
5 % R.H. 
4-7 mm. s.D. 





1-0° C. 
89 % R.H. 
0-5 mm. s.D. 
I “TI Il 
7 35 36-51 
14 41 51-22 
21 50 95-56 
28 50 97-78 
35 50 100-00 
b 0-1347 
V(b) 0-000386 
x’ 6-59 


—~ 


+ 


II IIl 


30 25- 
39 64- 
50 90- 
49 97- 
50 100- 


0-1319 
0-000379 
0-40 


00 
74 
00 
45 
00 


Table 15. Exposure temperature approx. 4° C. 
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41°C, 42°C. 40° C. 40° C. 43°C 
89 % R.H. 70 % R.H. 60 % R.H. 15 % R.H. 5 % B.H. 
0-7 mm. s.D. 1-8 mm. s.D. 2-4 mm. s.D. 5-1 mm. s.D. 5-8 mm. s.D. 
ee c ‘ a 2 A ‘ c —— —_ eee pe | 
I II III II Il II III II Ill II II 
9 — —_ 24 4:20 — _— — —_ 59 10-57 
10 30 11-35 _- = 25 00 25 17-53 -— —- 
16 30 1844 29 1686 2% 1200 — — 80 46-16 
t= om ome a oe — 2 2909 — — 
23 28 «46201 30 5252 27 3704 — — 50-72-34 
“s« — — ae — oe — 60 6220 — —— 
so. — — _ _ _ _ —_ 50 87-23 
30 40 65-43 32 86-30 — ~- — _ — - 
s - ae — — _ —_ 60 100-00 
35 38 8320 40 9452 — — _ on oun oe 
39 50 89-36 — — - — — — — — 
40 30 10:00 40 9178 — _ oo _ _ ws 
a — _ 40 9452 — _ _ _ —_ _ 
50 _ 40 10000 — _ come a - - 
b 0-0886 0-1139 0-1124 0-0942 0-1259 
V(b) 0-000103 0-000151 0-001401 0-000557 0-000184 
x’ 4-91 5-93 0-04 0-48 2-08 
Table 16. Exposure temperature approx. 7-8° C. 
6-9° C, 6-7° C, 7:8° C. 77° C. 
29 % R.H. 65 % R.H. 9 % R.H. 90 % R.H. 
5-3 mm. 8.D. 2-6 mm. s.D. 7-2 mm. s.D. 0-8 mm. s.D. 
OE EE, TN, pT, 
I II Ill II III II III II Ill 
7 20 1-35 20 0 20 5-00 25 16-00 
14 20 11-73 20 11-73 23 8-70 32 6°25 
21 20 37-69 20 22-12 25 35-99 35 27-82 
26 — —_— — — —_— _ 40 33-64 
28 25 66-77 25 70-92 40 62-94 40 24-17 
35 25 91-35 25 91-69 50 96-00 80 65-24 
37 — a a — 50 ~=100-00 — — 
a — — — _— — — 40 94-29 
49«O _ — _ — _ 40 100-00 
b 0-1219 0-1375 0-1419 0-0975 
V(b) 0-000369 0-000530 0-000299 0-000105 
x 0-13 1-43 3-27 14-60 
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Table 17. Exposure temperature approx. 9-10° C. 














9-1° C, 9-3° C. 9-8° C, 9-8° C. 
72 % B.H. 42 % R.H. 89 % R.H. 6 % R.H. 
2-4 mm. s.D. 5-1 mm. s.D. 1-0 mm. s.D. 8-5 mm. s.D. 
areca Ge i ee enn, et -, 
I II III II Ill II {il II III 
7 30 4-70 20 0 19 10-11 30 6-67 
14 30 4-70 — a 30 7:47 40 10-59 
21 30 22-35 20 20-00 40 19-94 40 32-94 
28 30 36-47 25 72-00 50 65-84 40 72-06 
35 30 83-96 20 85-00 39 86-31 33 ~=—- 100-00 
42 — — —_ —_— 50 =: 100-00 —_ 
b 0-1115 0-1448 0-1273 0-1280 
V(6) 0-000294 0-001093 0-000241 0-000310 
x’ 3-81 1-88 3°43 2-31 
Table 18. Exposure temperature approx. 12° C. 
11-7° C. 12-1°C. 12-1° C. 12-1° C. 11-7° C. 
89 % R.H. 73 % R.H. 46 % R.H. 25 % R.H. 5 % R.H. 
1-1 mm. s.D. 2-9 mm. s.D. 5-7 mm. s.D. 7-9 mm. s.D. 9-8 mm. s.D. 
SSS ee a |, yee ey 
I II Il II Ill II Ill II Ill II Ill 
7 32 9-38 — — — — — — 29 6-90 
14 31 9-68 19 1-68 20 6-59 20 29-29 20 31-58 
21 30 36-66 25 25-27 25 16-48 30 15-82 30 57-89 
27 — _- — —- — —- -- 20 48-86 
28 —- — 30 23-08 30 45-05 40 72-22 40 92-11 
29 40 59-16 —- _- — --- —- — - -— 
30 — — — — - — -- _ 40 82-95 
33 — — — —— — = - - 2% 80-24 
35 40 69-44 40 61-54 40 75:27 40 97-47 40 100-00 
40 i ae ae aa a es =e nes ae 
42 48 90-74 40 72-53 40 94-51 43 97-65 — — 
46 50 94-00 _— — —_ —_— — — — _ 
49 26 96-15 45 87-79 35 96-86 — — — — 
b 0-0800 0-0811 0-1110 0-1489 ‘0-1034 
V(b) 0-000058 0-000109 0-000186 0-000404 0-000162 
x’ 2-60 5-05 0-89 11-59 15-45 
Table 19. Exposure temperature 13° C. 
13-0° C. 
0-1 % R.H. 
11-1 mm. s.pD. 
eae . . 
I II iil 
9 40 0 
17 40 22-50 
25 40 47-50 
42 56 94-60 
b 0-1015 
V(b) 0-000173 
x 1-21 


12-1° C. 
0-1 % R.H. 
10-6 mm. s.D. 





(e-em ~e 
II Ill 
20 4-21 
30 32-66 
40 82-32 
40 97-47 
30 =: 100-00 

0-1829 
0-000712 
0-26 
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VII. Discussion AND FUTURE WORK 


The investigations described in this paper were undertaken with the 
ecology of the bed-bug, rather than its physiology, in mind; and no attempt 
has been made to discover the factors intimately associated with the causes 
of mortality, preconditioning effects or the different rates of development 
under the various climatic conditions. But from the ecological point of view 
some obvious problems still remain to be investigated. 

In all this work, no serious effort was made to control the intensity or the 
duration of illumination. The eggs were kept in incubators or in constant 
temperature rooms, for most of the time in darkness but with frequent short 
exposures to daylight and to electric light of low intensity. Consequently the 
effects of light on the eggs are unknown. 

The transference of eggs to various temperatures was made suddenly in 
the experiments which have been described. But in nature seasonal and diurnal 
temperature changes take place gradually. The effects of slow temperature 
changes should be studied and compared with the effects of sudden ones, for 
Robinson (1926) states that probably with non-hibernating insects a gradual 
approach to low temperatures is associated with less resistance than a more 
sudden change. It has been suggested above (p. 142) that fluctuations in 
temperature likely to occur in English houses are probably without much 
effect on the position of the developmental-hatching threshold; but work on 
the rate of development at temperatures fluctuating above and below 13° C. 
still has to be done. With fluctuating temperatures below the developmental- 
hatching threshold, condensation of dew on eggs may have marked con- 
sequences on their survival times; for I have noticed that the dents in the 
chorions of old Cimex eggs disappear if the eggs are placed in a film of water. 

Since the rate of change of temperature in houses is gradual, and it is 
improbable that eggs laid at 23° C. would ever be suddenly subjected to 7° C. 
or lower and then later be raised quickly back to 23° C., perhaps it would have 
been better to have kept controls and to have reincubated eggs at a lower 
temperature than 23° C. Table 13 shows, however, that in the early stages of 
development at least, the temperature from which the eggs are transferred has 
no effect on the mortality at 10°C. Whether the magnitude of the tem- 
perature change has any effect on older eggs as they are removed back to a 
higher temperature still remains to be discovered. It must be remembered too, 
that in the exposure experiments the actual length of life of the eggs is the 
length of exposure plus the subsequent incubation time at 23° C.; in nature, 
therefore, the length of life at low temperatures may be longer than my 
experiments suggest, although of course they would not hatch if the tem- 
perature was below the threshold for hatching. Thus although the median 
exposure for death in my experiments is probably not the true value if the 
particular low temperature was held constant until half the eggs died, its 
ecological significance is unimpaired. 
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In English houses temperatures approaching the upper thermal death point 
of C. lectularius eggs (45° C. or 113° F. for 1 hr.) rarely occur except perhaps in 
roof-spaces or on dark surfaces exposed to direct sunlight. I have, therefore, 
considered that the upper fatal limits are of secondary importance in the 
ecology of Cimex in this country. Mellanby (1935) has investigated these 
limits, but we still know nothing about the effects of age or of preconditioning 
on the upper death point. 

The whole subject of preconditioning or acclimatization needs systematic 
study. We do not know the minimum times necessary for a preconditioning 
temperature to produce an effect; and in the experiments with eggs laid at 
different temperatures it is not certain whether the eggs must be developed 
from the ovarioles or if merely oviposition at that temperature is sufficient 
for the effect to occur. But from Table 7 it seems that either the period of 
early development while the eggs are still inside the female, or the period of 
the first 24 hr. after oviposition, are critical times when preconditioning is 
brought about. 

The mortality of eggs at low temperatures appears to be little influenced 
by the atmospheric humidity. Mellanby (1939a) thinks that it is probably 
the serosa and not the chorion of fertilized eggs which is responsible for the 
retention of water in the egg. I have sectioned eggs and have found an ap- 
parently chitinized membrane identical in appearance to that described for 
Notostira (Capsidae) (Johnson, 1934). Slifer (1938) has shown that a similar 
membrane in Melanoplus is permeable to water only at one part, the hydro- 
pyle; it would be interesting to discover if a hydropyle area is absent in Cimex 
eggs, thus rendering them relatively impermeable to water. For they lose 
water very slowly indeed and do not absorb it during development as with 
Melanoplus and Notostira. Clark (1935) states that with Rhodnius eggs the 
humidity probably has little effect on the embryo itself and only becomes 
important immediately before hatching. In Cimex humidity is not important 
even at hatching, but the similar lack of effects of humidity on the embryo may 
be due to a chitinous membrane in Rhodnius. The work of H. Mellanby (1936) 
suggests (see her Text-fig. 4A) that such a membrane is present although she 
does not figure an anterior thickening of it as exists in Cimex and in Notostira. 

This work on the relations of Cimex eggs to climate is significant in the 
ecology of the bug only in conjunction with other aspects of its life—par- 
ticularly with the factors influencing oviposition. The threshold for oviposi- 
tion is at approximately 13° C., but if eggs were laid at this temperature it is 
doubtful if they would develop even if the temperature was kept two or three 
degrees higher than 13° C. (see Table 7). But the mortality among eggs and 
the lowest temperatures at which they will hatch in nature will depend a great 
deal not only on the temperature of oviposition but on the rate at which the 
temperature subsequently falls. If the eggs are laid at a fairly high tempera- 
ture and the rate of fall is sufficiently gradual, considerable numbers might be 
expected to hatch at temperatures as low as 8° C. So far only macroclimatic 
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temperature changes in rooms have been studied and these have served as a 
guide for the planning of experiments; microclimates and their rate of change 
still remain to be worked out in conjunction with our knowledge of the tem- 
perature and humidity relations of eggs. But even if eggs hatch after exposures 
to low temperatures in nature the larvae may be weak in spite of their normal 
appearance. It is important, however, that collections of eggs should be made 
from natural infestations at different times of the year and tests made to 
reveal the proportion of viable eggs present amongst them. 

The results on the survival of eggs at winter temperatures may ultimately 
be of use to workers interested in bed-bug control. It would perhaps be worth 
ascertaining if eggs which had suffered winter temperatures for some time were 
more easily killed by fumigants than the newly laid eggs used in laboratory 
tests. It is probable that in some rooms, where the winter temperatures 
remain below 10° C. for many weeks at a time, the concentrations which have 
been found necessary to kill eggs in the laboratory need not be employed 
since the eggs, if not already dead from exposure to low temperatures, may be 
easily killed by concentrations lethal to adults and nymphs. 


VIII. Summary 


1. The period which elapses between a blood-meal and oviposition on the 
part of the female bed-bug affects the duration of the egg stage. Eggs laid soon 
after the meal take longer to hatch than those laid later. It is supposed that 
embryonic development of eggs inside the female occurs at a rate relatively 
greater than that of oviposition. 

2. Atmospheric humidity is without effect on the duration of the egg 
stage. Although the temperature-velocity graph appears to be fairly linear 
between 18 and 30° C. the thermal constants show considerable variation. 

3. A daily alternation of temperature with a range of 10° C., between the 
threshold and optimum temperatures results in an acceleration of develop- 
ment; this can, however, be accounted for by the non-linearity of the tem- 
perature-velocity relationship, if the usual methods of thermal summation 
are used. 

4. Eggs have been exposed to temperatures between 1 and 12° C. and the 
time taken to hatch on subsequent incubation at 23° C. has been ascertained. 
When these times are compared with times for hatching of control eggs kept 
at 23°C. from oviposition there is some evidence that a slight amount of 
development may occur at as low a temperature as 4°C.; i.e. 9° below the 
developmental-hatching threshold. Times after exposure are shorter than 
times for control eggs. 

5. Thermal summation, however, suggests that temperatures between 
13 and 11-7° C. result in a retardation of development since the times after 
exposure at which hatching occurs at 23° C. are longer than would be expected. 

6. The method of thermal summation is criticized mainly on the grounds 
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that it assumes that a temperature has the same accelerating effect on all 
stages of embryonic development. A retardation of development such as that 
mentioned in the preceding paragraph may be either a true retardation or due 
to errors resulting from the assumption that the reciprocal of the time for 
complete development represents the true amount of daily development at 
all stages of embryonic growth. 

7. The lowest constant temperature at which complete development with 
hatching, of eggs laid at 23° C., can occur is 13°C. I have called this tem- 
perature the developmental-hatching threshold. The developmental threshold may 
be as low as 4° C., while the hatching threshold is at approximately 8° C. 

8. Alternating temperatures such as occur in English houses are unlikely 
to affect the position of the developmental-hatching threshold. Atmospheric 
humidity does, however, affect it and 75-90 % R.H. appear to be the only 
humidities at which development with hatching can take place at a constant 
temperature of 13° C. 

9. Mortalities near the developmental-hatching threshold appear to depend 
also on the temperature at which eggs are laid (or perhaps the temperatures 
at which they develop within the female). Eggs laid at 15° C. and incubated 
at 15° C. and 7 % R.u. suffer 97-1 % mortality while those laid at 23° C. and 
incubated under identical conditions have 32-9 % mortality. 

10. If eggs are laid at 23° C. and are incubated at 15, 18 and 23° C. until 
nearly ready to hatch, the percentage hatch at temperatures near the hatching 
threshold is higher with those eggs previously kept at 18° C. than with those 
from 15 or from 23° C. At 8° C., the lowest observed temperature for hatching, 
preliminary incubation at 15° C. is probably more favourable than one at 23° C 

11. Mortality of eggs above 13° C. is only slightly affected by atmospheric 
humidity over the optimal range. But the effects are more noticeable near the 
upper and lower temperature limits. 99-100 % R.H. appears to be associated 
with a higher mortality than 90 % r.H. The extreme temperature limits for 
eggs laid at 23°C. are 13 and 37°C. With eggs laid at 15°C. the range is 
restricted at both upper and lower temperature limits compared with the range 
for eggs laid at 23°C. The temperature of oviposition, whether it is 15 or 25° C., 
seems to make no difference to mortalities between 18 and 28° C. 

12. The mortalities of eggs exposed for varying periods to temperatures 
between 1 and 13°C. and various humidities are discussed. By means of 
probits estimates of the times for 50 and 99-99 % mortalities have been made 
for each of the temperature and humidity combinations. 

13. Exposure for 50 % mortality is affected slightly by humidity below 
13° C., but no simple law relating survival to humidity has been found either 
above or below 13°C. Variations in temperature within the range 0-34° C. 
are likely to influence survival more than the humidity variations possible 
within this temperature range. 

14. At constant saturation deficiencies the eggs survive longer at the 
higher temperatures between 1 and 13°C. The median exposure for death 
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(i.e. exposure for 50 % mortality) increases by 1-5-1-8 days per 1° C. rise of 
temperature. 

15. The scatter of mortalities about the median exposure for death as 
measured by the regression coefficient of probits on exposure times is slightly 
influenced by humidity, but is not affected by temperatures between 1 and 
13° C. Much of the variation in the slopes of the mortality curves is thought 
to be due to inherent variation in the eggs themselves. 

16. With eggs laid at 23°C. and exposed to temperatures below 13° C. 
the longest exposure necessary to produce 99-99 °% mortality (as judged by 
subsequent incubation at 23° C.) was estimated at 79-8 days. This occurréd 
at 12-1° C. and 73 % r.u. The actual observed times for exposure for 100 % 
mortality are somewhat shorter than the estimated times. 

17. Eggs with embryos in an advanced state of development are more 
quickly killed by exposure to 7-7° C. and 90 % r.u. than are newly laid eggs. 

18. Ovipositional temperatures of 15, 18 and 23° C. produced no different 
effects on the mortality rates of eggs exposed to 10° C. and 90 % R.x. 

19. Future problems and the ecological significance of the experimental 
results are discussed. 


I wish to thank Prof. P. A. Buxton for very many kindnesses. Much 
routine work was done by Mr A. E. C. Harvey, and my best thanks are due 
to him for his patience and reliability. The work was done under the auspices 
of the Bed-bug Infestation Committee of the Medical Research Council, and 
I gratefully acknowledge the grant from the Council. 
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SOME AVIAN TAPEWORMS FROM ANTIGUA 


By JEAN G. BAER 
Neuchatel 


(With 37 Figures in the Text) 


THE small collection of avian tapeworms from Antigua which is the subject 
of the present paper was sent to us for identification, through Prof. R. T. 
Leiper, by Mr L. R. Hutson, Veterinary Officer, Antigua, to whom we tender 
our sincerest thanks. 

Although one species only was found to be new to science, the collection 
contained several interesting specimens of lesser known genera from Charadrii- 
form birds and from grebes. As most of these species have never been found 
again since their description, we have been able to complete the original 
descriptions and compare our specimens with nearly all the actual types 
deposited in Prof. Fuhrmann’s collection. Several systematic modifications 
have resulted from this study and will be discussed later. We are most grateful 
to Prof. Fuhrmann for the loan of these types. 

The genus Hymenolepis is represented by four species, one of which is new. 


Hymenolepis flagellata Fuhrmann, 1906 


Two incomplete specimens were collected from a Bahama duck, Poecilonetta 
bahamensis (L.); the scolex is missing in both cases. We have, however, been 
able to base our identification on the internal anatomy which is sufficiently 
characteristic, and also on the fact that it was recorded from the type host. 


Hymenolepis lobulata Mayhew, 1925 


Several species from a pied-billed grebe, Podilymbus podiceps (L.) agree 
with Mayhew’s (1925) description. None of our specimens had a completely 
everted rostellum so that we are unable to confirm the peculiar arrangement 
of the hooks. The scolex is 560-576 in diameter and each sucker measures 
240-280. The total length of the partially everted rostellum is nearly 400 
and the diamete1 only 36. All our specimens show ten hooks only. According 
to Mayhew (1925, p. 43) their number varies from eight to eleven. These hooks 
are 15-16 long and 17 at the base; their shape as indicated by Mayhew 
(Pl. IV, fig. 35) does not give a correct idea of the structure of the base which 
is very much flattened, triangular with slightly raised edges (Fig. 1). We have 
drawn several hooks under different angles in order to bring out the variation 
of the shape under these conditions. The internal anatomy agrees with the 
original description, except that the longitudinal musculature is arranged in 
two definite layers of bundles, the bundles of the inner layer being larger than 
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those of the outer, as is the case in most of the species of this genus (Fig. 2). 
The uterus passes laterally beyond the longitudinal excretory vessels; it was 
devoid of ripe ova. 


Hymenolepis himantopodis (Krabbe, 1869) 

Only two specimens from a Black-necked Stilt, Himantopus mexicanus 
Miill., were found. This species is easily recognized by the very small size of 
the rostellar hooks (8), as well as by their shape. The above host is not new 
for this species. 
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Figs. 1-4. 1. Hy lepis lobulata Mayhew, rostellar hooks. 2. Transverse section of same to 
show the longitudinal muscles. 3. Hymenolepis capellae n.sp. rostellar hooks. 4. Adult 
segment: Cp, cirrus pouch; Ov, ovary; 7, testes; Vt, yolk gland. 





Hymenolepis capellae n.sp. 

This new species was recovered from a Wilson’s snipe, Capella delicata 
(Ord.). The total length is about 30 mm. and the maximum width 1 mm. in 
contracted specimens. The scolex measures 216, in diameter and the suckers 
72-100. The rostellum is 144 in length and only 61, in diameter; it bears 
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ten hooks of a peculiar shape 18-21 » long with a base measuring 15, (Fig. 3). 
These hooks resemble those generally found in the genus Haploparazis; the 
handle is extremely short and the blade is longer than the guard. 

The three testes are large, 72 in diameter, and are grouped so as to form 
a triangle (Fig. 4). The cirrus pouch is long and reaches almost to the anti-poral 
excretory vessels. It is 234-252u long and 36, in diameter. The cirrus is 
densely covered with very fine spines. The female glands are situated medially 
and there is a very large receptaculum seminis as in most species of this genus. 
The gravid uterus completely fills the segments passing laterally beyond the 
longitudinal excretory vessels. The ova are 35 in diameter and contain an 
embryo (23,4). 

Of the twenty-eight species of Hymenolepis described to date from Chara- 
driiform birds, only seven have hooks with the handle shorter or equal to 
the guard, i.e. hooks of the type described above. All these seven species 
possess ten hooks the measurements of which are given in brackets following 
the name of the species: H. annandalei Southwell, 1922 (32); H. annandalei 
longosacco Joyeux & Baer, 1939 (27-30); H. amphitricha (Rudolphi, 1819) 
(20-23); H. chionis Fuhrmann, 1921 (21-6-23,); H. clandestina (Krabbe, 
1869) (47); H. recurvirostrae (Krabbe, 1869) (13-17); H. recurvirostrae 
magnosacco Joyeux & Baer, 1936; H. recurvirostroides Meggitt, 1927 
(10-15); H. uliginosa (Krabbe, 1882) (42-451). 

The size of the hooks of our species brings it nearest to H. amphitricha 
and to H. chionis. The former species has never been found again since Rudolphi 
first described it. The hooks and the cirrus figured by Krabbe (1869, p. 311, 
pl. VIII, figs. 195-197) were drawn from the original preparation. We have 
examined the latter and find that the shape of the hooks corresponds exactly 
with that given by Krabbe. Although it is quite impossible to make out the 
internal anatomy, the peculiarly shaped spines on the cirrus can be easily 
seen and appear to be typical for this species. Besides, the shape of the hooks 
is also different from that described above for our species, the handle being 
longer than in the latter. 

H. chionis bears ten hooks closely resembling ours, the guard is however 
much wider and the internal anatomy is also different, while the cirrus pouch 
is considerably shorter. H. capellae can be therefore easily distinguished from 
the other species recorded from Charadriiform birds. 


Acoleus vaginatus (Rudolphi, 1819) 


A single specimen was collected from the gut of a black-necked stilt, 
Himantopus mexicanus Mill. As a well-preserved scolex was present, we can 
assert the complete absence of rostellar hooks. This scolex measures 640u 
in diameter and the suckers 280-400, each in length by 120p in width. Their 
openingis situated near the apex of the scolex. The rostellum isovoid, measuring 
320 x 240; it appears to contain deeply staining, most probably glandular. 
cells (Fig. 5). The internal anatomy is very typical and has been largely worked 
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out by Fuhrmann (1899). The longitudinal muscles are disposed in two dis- 


tinct layers separated by transverse 
muscles (Fig. 6). The testes are 
numerous, about 130, in two layers. 
They do not form two groups as 
originally stated (Fuhrmann, 1899, 
p. 347), but occupy the whole dorsal 
field in the anterior half of the pro- 
glottid (Fig. 7). The cirrus is armed 
with small hooks 28-35, long, 
slightly curved (Fig. 8). We have 
been able to compare our specimens 
with Rudolphi’s original types and 
find the shape of these hooklets to 
be identical in the two specimens. 
No eggs were present, as completely 
ripe segments are missing. 

Three species of the genus 
Acoleus have been described to 
date from Charadriiform birds; 
these are: A. crassus Fuhrmann, 
1900; A. hedleyi Johnston, 1910; 
A. vaginatus (Rudolphi, 1819). 

A. hedleyi, as described by 
Johnston (1912, p. 23), differs from 
A. vaginatus in being slightly 
smaller than the latter species, 
moreover, the testes are distributed 
in a single field and the shape of 
the hooklets of the cirrus is almost 
the same, so that we do not think 
it necessary to retain this species 

















Figs. 5, 6. 5. Acoleus vaginatus (Rud.), scolex. 
6. Portion of a transverse section of this species 
showing the longitudinal musculature. 


as distinct from A. vaginatus. Besides, the hosts belong to the same genus, 
since A. hedleyi comes from Himantopus leucocephalus Gould. 





Fig. 7. Acoleus vaginatus (Rud.), adult segment: Ov, ovary; Rs, receptaculum 
seminis; 7', testes; Ut, uterus; Vt, yolk gland. 
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Acoleus crassus from a Brazilian Tringa sp. was originally separated from 
Acoleus vaginatus because of its internal anatomy which differs considerably 





Figs. 8-11. 8. Acoleus vaginatus (Rud.), hooklets from the cirrus. 9. Acoleus crassus Fuhrm., 
adult segment: Cp, cirrus pouch; 7’, testes. 10. Shipleyia inermis Fuhrm., section of gut-wall 
showing the implantation of the worm: S, scolex. 11. Section through the scolex showing 
the bristles on the cuticula. 


from that of the latter species. We have re-examined the type material and 
find on transverse sections that the cirrus pouch passes between the excretory 
vessels and not ventrally to the latter as in A. vaginatus. On the other hand, 
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the structure of the cirrus pouch is totally different from that of A. vaginatus 
(Fig. 9). The number and arrangement of the testes is also different. The female 
genitalia can no longer be made out on these preparations over a hundred years 
old. The scolex is 464 in diameter and the four circular suckers 216-220y. 
An everted rostellum 240 x 56 has lost its hooks. The cirrus pouch is 480-5604 
long and 240 in diameter at its base, which is almost spherical. 

The above characters, together with those given in the original description, 
have convinced us that this species must be removed from the genus Acoleus 
to the genus Gyrocoelia. On comparing this species with the types of G. leuce 
Fuhrmann, 1900, we find the two species to be identical; besides, both are found 
in South American Charadriiform birds. We will discuss the status of the 
genus Gyrocoelia in another part of this paper, but can already clarify the 
question of the nomenclature. A. crassus and G. leuce were both described as 
new species in the same paper (Fuhrmann, 1900, pp. 370, 371). The specific 
name crassus has page precedence over the name leuce, therefore Gyrocoelia 
leuce Fubrmann, 1900 must now be named Gyrocoelia crassa (Fuhrmann, 1900), 
syn. Acoleus crassus Fuhrmann, 1900. 

Acoleus longispiculus (Stossich, 1895) described originally as a Bothrio- 
cephalus from a water hen, Zapornia parva (Scop.), appears from the structure 
of the scolex and of the eggs, to be identical with Acoleus vaginatus. For the 
time being, however, and until fresh material has been examined from the same 
host, we prefer to consider this species as distinct. 


Shipleyia inermis Fuhrmann, 1908 


Several specimens were obtained from a Wilson’s snipe, Capella delicata 
(Ord.). As our material is very well preserved, we have been able to make 
a complete ‘study of this interesting species, and to compare our specimens 
with the original types which are however very badly preserved. 

The scolex and the anterior part of the strobila are deeply embedded in 
the intestinal wall of the host, passing right through the muscularis mucosae 
into the external muscle layer of the gut (Fig. 10). This peculiar implantation 
of the worm resembles somewhat that already described for the species 
Parorchites zederi (Baird, 1853) and Paradilepis macracantha Joyeux & Baer, 
1935. In this case, however, the tissues of the host show a distinct necrosis 
resulting in a considerable destruction of tissues. The scolex, although unarmed, 
is covered with dense cuticular spines, almost resembling fine bristles (Fig. 11). 
These latter, through the continual motion of the scolex, must set up an 
inflammatory process which results in the above destruction of the tissues. 
On sections of the type material, we have found an identical implantation in 
the host. 

The longitudinal musculature is very well developed and consists of two 
layers of rather large bundles, each containing numerous fibres with very 
prominent myoblasts (Fig. 12). The longitudinal bundles, the largest of which 
are the innermost, are separated from one another by transverse fibres. 
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The longitudinal excretory vessels are situated ventrally and dorsally, the 
dorsal vessels being slightly lateral to the ventral vessels. In each proglottid 
both the dorsal and the ventral vessels are united by transverse vessels, the 
latter always passing dorsally to the female genitalia (Fig. 13). We have found 
the same arrangement in all the genera of Acoloeidae examined. The flame 
cells are very distinct and extremely numerous, especially in the immediate 
vicinity of the dorsal vessel where they can easily be seen (Fig. 14). 
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Figs. 12-14. Shipleyia inermis Fuhrm. 12. Portion of a transverse section showing the longitudina 
musculature. 13. Diagrammatic cross-section showing the relation of the transverse excretory 
vessels to the genitalia: Dv, dorsal vessel; N, nerve; Sg, shell gland; Ut, uterus; Vv, ventral 
vessel. 14. Excretory flame-cells from a section. 


The internal anatomy of this worm is peculiar in many ways and especially 
in that the anterior part of the strobila which is entirely male, no female 
glands being visible although the uterus and receptaculum seminis are present. 

The cirrus pouch is large and passes between the longitudinal excretory 
vessels and dorsally to the nerve (Fig. 15). It is 680u long when the cirrus is 
retracted and has a diameter of 240yu. Its wall is 18, thick, consisting of 
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longitudinal and oblique muscle fibres. The vas deferens on entering the cirrus 
pouch dilates to form ‘a small seminal vesicle contained at the base of the 
cirrus pouch (Fig. 15). The vesicula seminis opens into a well-developed pars 
prostatica occupying more than half of the cirrus pouch. The cirrus itself is 
very powerful, 72 in diameter, and its entire surface is beset with minute 
spines which are replaced by real hooklets 21-25 long around the base of 
the cirrus (Fig. 16). These hooklets are deeply implanted into the cuticula of 





Figs. 15-17. Shipleyia inermis Fuhrm. 15. Cirrus pouch reconstructed from sections: Dv, dorsal 
vessel; NV, nerve; Pr, prostata; Sv, seminal vesicle; Vv, ventral vessel. 16. Hooklets from the 
cirrus. 17. Transverse section of a male segment: Rs, receptaculum seminis; 7’, testes. 


the cirrus and are provided with a basal plate which broadens out near the 
distal end. The fully everted cirrus is 500 long and the powerful walls of the 
cirrus pouch are then 40-48, thick. The length of the pouch under these 
conditions is reduced to 360 whereas the diameter is 280. There are 20-25 
testes closely packed near the medial end of the cirrus pouch. They can best 
be seen on transverse sections (Fig. 17) as most of them are situated in 
a dorso-ventral plane, wedged in between the cirrus pouch and the receptaculum 
seminis. 
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The testes have completely disappeared in the segments in which the 
female genitalia are formed. The latter differ somewhat from the original 
description, but we have been able to compare our material with the types 
and find them both identical. The ovary and the yolk gland are situated 
symmetrically in the middle of the segment. The ovary is large, compact 
near the centre, the two lateral wings ending in digitiform processes. It is 
situated ventrally in the segment. The yolk gland is somewhat dumb-bell- 





Fig. 18. Shipleyia inermis Fubrm. Horizontal section passing through several segments: 
Ov, ovary; Ut, uterus; Vt, yolk gland. 

Figs. 19, 20. Shipleyia inermis Fuhrm. Diagrammatic reconstruction of the female genitalia. 
19. Transverse section. 20. Horizontal section: Ov, ovary; Rs, receptaculum seminis; Sg, shell 
gland; Ut, uterus; Vt, yolk gland. 


shaped, and lies on the dorsal surface of the ovary (Figs. 19, 20). The yolk 
duct arises from the narrow bridge which unites the two lateral halves of 
the gland, and joins the oviduct. The latter arises from the centre of the ovary, 
from a very muscular oocapt. The oviduct communicates with a large recep- 
taculum seminis by a short duct. On issuing from the shell gland, the uterine 
duct enters the uterus at its apex. The uterus is horseshoe-shaped, the two 
branches being directed postero-laterally, enclosing the female genitalia. Near 
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the point where the uterine duct enters the uterus, there is always a large 
diverticulum of the uterine wall which is directed dorso-ventrally. As the ova 
collect in the uterus, the walls of the latter bulge out into numerous out- 
pocketings which first appear on the medial and lateral surfaces of the uterus. 
In gravid segments, the uterus completely fills the segment, al] trace of the 
female genitalia having disappeared. The ripe ova are spindle-shaped and are 
51-57 x 30-32. The embryos are 25 in diameter. 

The study of fresh material makes it necessary to give a more complete 
diagnosis of the genus Shipleyia Fuhrmann, 1908. This will be as follows: 

Acoleidae with a large scolex devoid of a rostellum and hooks. Vagina 
absent. Male genital pores alternating regularly, the cirrus pouch passing 
between the longitudinal excretory vessels and dorsally to the nerve. Testes 
fairly numerous in several dorso-ventral layers, and nearly all situated in the 
poral half of the segment. Female genitalia median. Ovary and yolk gland 
symmetrical, the latter postero-dorsal to the ovary. A large receptaculum 
seminis is present. Uterus horseshoe-shaped with the branches directed back- 
wards, enclosing the female genitalia, and presenting an anterior diverticulum. 
Later, in gravid segments the uterus fills the entire segment. Ova spindle- 
shaped. Adult in Charadriiform birds. 

Type species: Shipleyia inermis Fuhrmann, 1908. 


Gyrocoelia milligani Linton, 1927 


Three specimens of this species were collected from a rufous-naped plover, 
Oxyechus vociferus (L.). We refer our specimens to the above species for 
reasons given below. The total length is about 40 mm. with a maximum width 
of 3 mm. The scolex is 400 in diameter and each of the suckers measures 
184 x 92. The rostellum is 230x69y; it bears forty hooks arranged in a 
zigzag, as in all the other members of this genus. The hooks are 32-35, long, 
the guard being hardly set off from the handle, as is usual for this genus. 

The longitudinal musculature is well developed, showing the usual two 
powerful layers of longitudinal bundles separated by transverse fibres (Fig. 21). 
The cirrus pouch is large, and in young segments 800 wide, reaches the 
anti-poral longitudinal excretory vessels. It passes between the longitudinal 
vessels and dorsally to the nerve. In these segments, the cirrus pouch is 
400-480» long and 160, in diameter. It contains a very powerful cirrus which, 
when fully everted, is 480 x 120u. Its surface is heavily armed with spines 
and with hooklets, the latter especially around the base of the cirrus. The wall 
of the cirrus pouch is 88, thick. In mature segments, the cirrus pouch is 
640 long with a diameter of 1604. The anatomy of the male genitalia can be 
clearly seen in Figs. 22-23. There are 14-20 testes each 46-67 in diameter. 
Only very few segments show fully developed testes. The latter disappear 
very suddenly before the female genitalia are completely developed. We have 
even found an entirely female strobila with a normal cirrus pouch (Fig. 24). 
These observations are completed by those of Clausen (1915) and of Tseng Shen 
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Fig. 21. Gyrocoelia milligani Linton. Portion of a transverse section 
showing the longitudinal muscles. 


Figs. 22, 23. Gyrocoelia milligani Linton. Two segments of the same strobila 
showing the fully developed male glands. 











JEAN G. BAER 185 


(1933) for other species of the genus Gyrocoelia. The female genitalia occupy 
the centre of the proglottid and there is a very distinct bilobed receptaculum 
seminis. The uterus appears as a ring lying ventrally to the female glands 
without enclosing the latter as in other species (Fig. 25). In gravid segments 
it is much distended with very numerous outpocketings as in the other species. 
We have been unable to discover in our material definite dorsal and ventral 
uterine openings, as found in most species. It is however possible that these 
only make their appearance in detached gravid segments. On transverse 
sections of the end proglottids, we find a fibro-cellular parenchyma at the 
place where this canal ought to be, but although this tissue extends right 











Figs. 24, 25. Gyrocoelia milligani Linton. 24. Female segment in which the testes have co_apletely 
disappeared. 25. Mature female segment: Ov, ovary; Rs, receptaculum seminis; Sg, shell 
gland; Ut, uterus; Vt, yolk gland. 


through the segment, from the dorsal to the ventral surface, a definite canal 
is not to be found. The ova are spindle-shaped 53 x 234 and the enclosed 
embryo measures 25 x 20u. 

G. milligani was placed by Fuhrmann (1932) in the genus Progynotaenia, 
no doubt on account of its small size. In this latter genus, however, the cirrus 
pouch lies dorsally to the longitudinal excretory vessels and does not pass in 
between the latter as in Gyrocoelia. This latter character is emphasized by 
Linton (1927) in his original description. Although this description is most 
inadequate, we refer our species to that of Linton’s on account of the size of 
the cirrus pouch and the small number of testes. 

The genus Gyrocoelia actually contains eight species, viz.: G. australiensis 
Johnston, 1912; G. brevis Fuhrmann, 1900; G. crassa (Fuhrmann, 1900); 
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G. fausti Tseng Shen, 1933; G. kiewiettt Ortlepp, 1937; G. milligani Linton, 
1927; G. paradoza (v. Linstow, 1906); G. perversa Fuhrmann, 1899. 

On re-examining the types of G. brevis and G. leuce = G. crassa, we have come 
to the conclusion that these two species are identical. Skrjabin (1914, p. 82) 
has already drawn attention to the very close relationship of these two species, 
of which scolex, hooks and internal anatomy are identical. The only difference, 
according to Fuhrmann (1900, p. 372), is in the size of the spines of the cirrus, 
27 in G. leuce and 12 in G. brevis. We find 14 for the former species and 
9-12, for the latter and do not feel justified in separating the species on these 
grounds. It is true that Fuhrmann (1900, p. 373) emphasizes the fact that 
G. leuce is from a South American host and G. brevis from an African host. 
There are however other cases in which Charadriiform birds from different con- 
tinents have the same species of tapeworms (Acoleus vaginatus for instance). 
In view of these facts we consider Gyrocoelia brevis to be synonymous with 
G. crassa. 

On examining the types of G. faustt Tseng Shen, 1933, we find the number 
of testes to be somewhat larger than stated by Tseng Shen (1933, p. 508). 
Whereas the latter indicates 42-48 testes per segment, we find as many as 
fifty-five testes in several segments. The length of the cirrus pouch, given as 
629, varies from 440 to 720y. 

In G. perversa the number of testes originally stated was four (Fuhrmann, 
1899, p. 619). In fig. 140 of his monograph Fuhrmann (1932, p. 170), indicates 
nine testes. A re-examination of the types together with other specimens 
listed as G. perverse, shows 20-30 testes per segment. 

If we compare the remaining seven species of Gyrocoelia we find that in 
both G. perversa and G. australiensis, the number and the size of the rostellar 
hooks is unknown. In the other species, these are as follows: G. crassa 
(40, 33-36); G. fausti (60, 21-48); G. kiewietti (84, 29%); G. milligani 
(40, 32-35); G. paradora (78, 29). The number, size and shape of the hooks 
of G. milligani and G. crassa are identical. The total length of the worms 
is about the same, 25-70 mm. for the latter and 24-40 mm. for the former 
species. The cirrus pouch in G. milligani is 450-640y long and there are 
14-20 testes, whereas in G. crassa the cirrus pouch measures 480-1000y and 
the number of testes is 40-45. A study of well-preserved material may perhaps 
show that these two species are identical, or only subspecies. For the time 
being, however, it is better to consider them as distinct. 

Of the three species with more than forty hooks, G. paradoza is well estab- 
lished by the length of the cirrus pouch (320-400) and the small number of 
testes (14-20). The number of testes in G. kiewietti is not known and it is 
quite possible that Ortlepp (1937) only had a female strobila. The cirrus 
pouch is very large (750), much larger than that of G. paradoza. The rostellar 
hooks are, however, of the same size (29) and their number is almost the 
same (78-84). In this case also, it will be necessary to study more material 
in order to decide the validity of the species G. kiewiettt. 
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G. fausti, by the number of the testes and the size of the cirrus pouch 
appears to be closely related to G. australiensis as redescribed by Maplestone 
& Southwell (1922). As, however, the hooks are missing in the latter species, 
we prefer to consider them as separate species pending further observations. 

G. perverse, in which the hooks are also missing, has a very large cirrus 
pouch (750) and a few testes (20-30) and its specific identity must remain 
doubtful for the time being. 

We feel almost certain that when more material will have been studied, 
only two distinct species will probably remain, with perhaps a few subspecies. 
This is an illustration of the chaos which may result from the description of 
badly preserved or incomplete specimens. 

The removal of G. milligani from the genus Progynotaenia where it had 
been placed by Fuhrmann (vide supra), has led us to examine more closely 
the present status of this genus. 

The rostellar hooks in Progynotaenta are arranged in a single crown except 
P. evaginata where they are disposed as in Gyrocoelia. An examination of 
the type specimen of this species has revealed that there are two scolices, the 
one which no doubt belongs to the genus Gyrocoelia, and another, which pre- 
sents the typical aspect of the genus Progynotaenia, moreover, the latter is 
attached to segments showing the anatomy so that no doubt is possible that 
we are dealing with a species belonging to this genus, whereas the other 
scolex is a fragment from another worm probably from the same host. The 
real scolex of P. evaginata (Fig. 26) is almost conical and measures 328-336 
in diameter at its base. The suckers are 180-220 x 144. The rostellum is 
288-360 x 126 and bears a single crown of 18 hooks 55-60 long (Fig. 27). 
With regard to the scolex originally described for this species, we are unwilling 
to ascribe it to a known species of Gyrocoelia as we know nothing of the 
internal anatomy of the worm. It corresponds, however, very closely to that 
of G. fausti (vide supra) the size, number and shape of the hooks being the 
same. 

In view of this discovery we have re-examined the types of Progynotaenia 
pauciannulata Baczynska, 1914 and find that these contain two distinct 
species, P. odhnert Nybelin, 1914 and P. evaginata Fuhrmann, 1909. This 
species is therefore a composite one and must be removed as such from 
helminthological literature. 

P. foetida Meggitt, 1928, is without doubt identical with P. odhneri, the 
size and shape of the hooks being the same and the measurements of the 
genital organs falling within the limits of variability of P. odhneri which are 
much greater than could be supposed as we have been able recently to show 
(Joyeux & Baer, 1939). 

P. flaccida Meggitt, 1928 possesses a double crown of rostellar hooks. Its 
internal anatomy is however too briefly described to be recognizable, but we 


1 Meggitt (1928) has inverted the figures 7 and 8 in his paper. The two different kinds of hooks 
described for P. flaccida should be referred to fig. 8 whereas fig. 7, represents the hook of P. foetida. 
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feel certain that this species will on subsequent examination be placed in the 
closely related genus Proterogynotaenia Fuhrmann, 1911. 

P. jégerskidldi Fuhrmann, 1909 can be easily distinguished by the shape 
and the number of the hooks, though the latter are somewhat longer than 


first indicated (Fuhrmann, 1909, p. 46), their length being 59, instead of 
52; their number 29-34. 
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Figs. 26-29. 26. Progynotaenia evaginata Fuhrm. Scolex. 27. Hooks. 28. Progynotaenia odhneri 
Nyb. Hooks. 29. Progynotaenia jdgerskidldi Fuhrm. Hooks. 


The genus Progynotaenia should therefore contain only three species viz. : 
P. evaginata Fuhrmann, 1909 syn. P. pauciannulata Baczynska, 1914 partim; 
P. odhneri Nybelin, 1914 syn. P. pauciannulata Baczynska, 1914 partim, 
P. foetida Meggitt, 1928; P. jdgerskidldi Fuhrmann, 1909. In this latter 
species, the uterus appears as a longitudinal sack with lateral outpocketings 
as in Proterogynotaenia rouxi Fuhrmann, 1911, and there is also a large 
receptaculum seminis. On the other hand, the cirrus pouch seems to pass 
ventrally to the longitudinal excretory vessels whereas in P. rouzi it passes 
between them. More and better preserved material must be studied to decide 
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this point before eventually uniting these two genera or placing P. jéagerskidldi 
in the genus Proterogynotaenia. This would necessitate a complete revision of 
nomenclature as this species is also the type of the genus Progynotaenia. 

In Figs. 27-29 we have drawn to the same scale the rostellar hooks of the 
three species belonging to the genus Progynotaenia so that they may be used 
for future reference. 


The cestode family Acoleidae Fuhrmann, 1907 contains nine genera, six 
of which are tound exclusively in Charadriiform birds (Fuhrmann, 1932, p. 167). 
They all have in common the absence of a vaginal opening and moreover all 
trace of a vagina has disappeared. The musculature of the strobila is generally 
formed by two layers of longitudinal bundles separated by three layers of 
transverse fibres. In all the genera examined by us, the transverse excretory 
vessels pass dorsally to the female genitalia. These worms are usually proto- 
gynous or protandrous, there being a distinct tendency to a complete separation 
of the sexes which is finally reached in the genus Dioecocestus a genus restricted 
to grebes, though one species is found in an ibis. The genera Leptotaenia 
Cohn, 1901 and Gynandrotaenia Fuhrmann, 1936 are found in flamingos. The 
former is inadequately described from poorly preserved material and so cannot 
be placed definitely in this family. 

In a recent paper Fuhrmann (1936) has divided the family Acoleidae into 
two distinct families, Acoleidae sens.str. and Progynotaeniidae Fuhrmann, 
1936. Both of these families are in turn subdivided into Acoleinae Fuhrmann, 
1900 with the genera Acoleus, Diplophallus, Gyrocoelia and Shipleyia, and 
Dioecocestinae Fuhrmann, 1936 containing the genus Dioecocestus. The family 
Progynotaeniidae is subdivided into Progynotaeniinae Fuhrmann, 1936, with 
the genera Progynotaenia, Proterogynotaenia and Leptotaenia, and Gynandro- 
taeniinae Fuhrmann, 1936, with the genus Gynandrotaenia. 

Further research will show whether this method of classification is justifiable 
or not, especially as regards the establishment of a distinct family Progyno- 


taeniidae. 
Schistotaenia scolopendra (Diesing, 1850) 


This species was collected from the gut of a pied-billed grebe, Podilymbus 
podiceps (L.). We will first redescribe this species before discussing its somewhat 
complicated history in the helminthological literature. 

The length of our specimens is 7-11 mm. and the greatest width 2 mm. The 
scolex is large with a very powerfully built rostellum (Fig. 30), 440u in 
diameter, and the oval suckers 280 x 120. The structure of the rostellum is 
very complicated, numerous layers of muscle fibres being present. It is 480u 
long with a maximum diameter of 280. The rostellar pouch is 560 long and 
contains at its base two glandular masses staining a deep blue with hemalum. 
These glandular cells seem to open at the base of the rostellum, where the 
iatter emerges from the scolex, although distinct ducts are not to be seen. 
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The whole surface of the rostellum is beset with small spines and the apex 
bears a single crown of twenty very large hooks the shape of which is indicated 
in Fig. 36d. These hooks are 150-154 long with a base of 124. 

As several fragments of gut wall from the host are enclosed in the same 
tube as this material, we have been able to study the scolex in situ (Fig. 31). 
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Fig. 30. Schistotaenia scolopendra (Dies.). Scolex. 


It is deeply embedded in the mucosa, which is destroyed, as is also the muscularis 
mucosae, the anterior portion of the scolex bearing the hooks and the spines 
being in direct contact with the muscular wall of the gut. The hooks are 


embedded in the tissues of the host and necrosis occurs in the immediate 
vicinity of the scolex. 
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The musculature of the strobila is very well developed, the longitudinal 
muscles forming two more or less distinct layers (Fig. 32), the bundles of the 
inner layer being larger than those of the outer one. Transverse muscle fibres 
are present though poorly developed, and numerous calcareous bodies are to 
be seen in the cortical parenchyma. The genital pores alternate irregularly 
and open laterally into the anterior quarter of the segment. There is a deep 
genital atrium and a vagina is of course absent. The cirrus pouch passes 





Fig. 31. Schistotaenia scolopend 


between the dorsal and ventral longitudinal excretory vessels; it is almost 
spherical, or pear-shaped, measuring 92-104 in length with a maximum 
diameter of 74-81. The wall of the pouch is thick and muscular and encloses 
a large cirrus densely beset with spines and small hooks. The available space 
left in the cirrus pouch is occupied entirely by coils of what one might consider 
as being the vas deferens, were it not for the two peculiar structures which 
precede the cirrus pouch and into which the vas deferens proper opens. These 
structures when examined in quite young segments can be easily distinguished 
from an ordinary vesicula seminis. 


Parasitology 32 13 
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The vas deferens proper enters an oval, glandular vesicle the walls of 
which contain several layers of glandular cells. This so-called prostatic gland 
is in communication, through a narrow duct, with a small, thin-walled cavity 
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Figs. 32, 33. 32. Portion of a transverse section to show the musculature. 33. Cirrus pouch 
and accessory vesicles, A, in young segments, B, in older segments. 


of a muscular nature which in turn opens into the cirrus pouch. This muscular 
cavity is no doubt an external seminal vesicle (Fig. 33A). In older segments, 
these two cavities are extremely distended with spermatozoa (Fig. 33B) so 





of 
ind 
ity 





JEAN G. BAER 193 


that the glandular wall of the prostata is no longer visible. A thin layer of 
muscular tissue surrounds the prostata and the seminal vesicle and attaches 
the latter to the cirrus pouch in such a way that one might be justified in 
considering these three structures as forming a single cirrus pouch containing 
a prostata and a seminal vesicle. However, in very young segments it is 
possible to observe that the cirrus pouch proper is formed long before the other 
two structures appear; we must therefore consider these as modified portions 
of the vas deferens. 





Fig. 34. Schistotaenia scolopendra (Dies.). Adult segment showing the anatomy: Cp, cirrus pouch; 
Ov, ovary; Pr, prostata; Rs, receptaculum seminis; Sv, seminal vesicle; 7', testes; Vt, yolk 
gland. 





Fig. 35. Sagittal section passing through several segments showing the accessory vaginae 
and sections of the duct which unites them. 


The testes are large but not very numerous; there are about 16-22 per 
segment, occupying the whole width (Fig. 34) in segments in which the female 
genitalia have begun to develop. They disappear very quickly in the subsequent 
proglottids. The ovary is distinctly lobed and occupies the ventral surface of 
the medulla. The yolk gland is also lobed and is found behind and dorsal to 
the ovary. The most interesting structure of the female genitalia is the 
receptaculum seminis. This latter appears early, before the female glands are 
clearly visible, as an ovoid sack situated at the anterior border of the segment 
in the mid-line. In sagittal sections (Fig. 35) it is seen that the wall of the 
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receptaculum is continuous with two strands of fibrous tissue ending beneath 
the cuticula of the dorsal and ventral surfaces of the worm. Definite ducts 
are not visible, they may however first appear in gravid segments only; 
unfortunately such segments are not yet developed in our specimens. The 
receptacula communicate with one another from one segment to the next, 
through a thin-walled duct which joins them. From this duct or in its immediate 
vicinity arises a thick-walled tube which opens into the oviduct. If we were 
to consider this thick-walled tube as the true receptaculum seminis, the 
structures described above would have to be considered as vaginae, which, 
physiologically, they are. Consequently, the spermatozoa which have been 
introduced into one of these vaginae migrate throughout the entire strobila 
as in the closely related genus Tatria. 

The uterus appears as a transverse tube eventually filling the whole 
segment. Unfortunately, fully ripe segments are absent. 

Schistotaenia scolopendra was described for the first time by Diesing (1856, 
p. 35), who gave no drawings of the hooks. Diesing’s original material, from 
Podicipes dominicus (L.), a South American species of grebe, was re-examined 
by Cohn (1900) who, however, also refrained from describing the shape of the 
rostellar hooks. Cohn (1900, p. 276) doubtfully considered this species to be 
distinct from Schistotaenia macrorhyncha (Rudolphi, 1810) from Old World 
grebes. Clerc (1907, p. 708), redescribing the anatomy of S. macrorhyncha, 
states that the identity of these two species is not proved. On the other hand, 
Fuhrmann (1907, p. 534), having examined Diesing’s types, states that the 
hooks are identical with those of S. macrorhyncha, and that Diesing’s species 
must lapse as a synonym of the latter. 

If we compare the rostellar hooks of S. macrorhyncha as figured by Cohn 
(1900, pl. XV, fig. 16) from Rudolphi’s original specimens and those drawn 
by Krabbe (1869, pl. VII, fig. 172) from European grebes with the rostellar 
hooks of S. scolopendra, we find that there exists a distinct difference between 
them which is especially noticeable in the shape and the width of the blade 
(Fig. 36). That the shape of the rostellar hooks is variable is proved by our 
drawings of these hooks from Diesing’s types (Fig. 366), specimens from Brazil 
(Fig. 36c) and from our present specimens (Fig. 36d). Moreover the measure- 
ments are the following: Diesing’s type, length 161, base 133; Brazilian 
specimens, length 177 u, base 150; specimens from Antigua, length 150-154, 
base 124. The range of variation would thus appear to be for the length 
150-177 » and for the base 124-150y. 

For S. macrorhyncha, Wed] (1856, p. 18) indicates the length of the hook 
as 148 and Krabbe (1869, p. 305) as 150. We have found in a South African 
grebe, Podiceps capensis Bp., a species which we refer, on account of the shape 
of the hooks, to Schistotaenia macrorhyncha, and in which the hooks measure 
162 in length with a base of 158. 

If in all these measurements we take the difference in the length of the 
hook and the length of the base, we find that this is 4 in our Cape specimens, 
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and in Cohn’s and Krabbe’s drawings of S. macrorhyncha, 5. On the other 
hand, in the specimens which we refer to S. scolopendra, this difference varies 
from 26 to 28. This is therefore another way of expressing the difference in 
shape of the rostellar hooks of these two species. 

If we compare the muscular system of these two species, we find that in 
S. macrorhyncha the longitudinal muscles are more powerfully developed than 
in S. scolopendra (compare Figs. 32 and 37). The cirrus pouch in S. macrorhyncha 
is larger, measuring 144-158, in length and 108-115, in diameter. When the 
cirrus is fully everted, the pouch measures 152 x 127. The testes are also more 
numerous, their number being 38-40 per segment. 


7°YVS 


Fig. 36. a, Schistotaenia macrorhyncha (Rud.), rostellar hook; b-d, Schistotaenia scolopendra 
(Dies.), rostellar hooks; b, from Diesing’s types; c, from Brazilian material; d, present material. 


On the other hand, in S. macrorhyncha, the dorsal and ventral secondary 
vaginal openings are fully formed in young segments: this peculiarity may 
perhaps also be useful in distinguishing the two species. 

We therefore come to the conclusion that S. scolopendra (Diesing, 1850) 
from New World grebes is a valid species and should be considered as distinct 
from S. macrorhyncha from Old World grebes. 

A close examination of these two species has revealed the fact that the 
receptacula seminis communicate with one another in the consecutive seg- 
ments. This latter anatomical detail has never before been observed in the 
genus Schistotaenia and seems to denote its very close relationship to the genus 
Tatria Kowalewski, 1904, a genus also found exclusively in grebes. It would 
have been useful if a revision of the species of this latter genus could have 
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been undertaken. The different types are, however, too poorly preserved and 
too fragmentary to warrant accurate descriptions. The anatomy of these two 
genera is almost identical, namely the structure of the cirrus pouch with the 
two accessory vesicles. The testes are also large though generally fewer in the 
genus Tatria. The greatly elongated lateral borders of the segments are also 
found in Schistotaenia. It is most likely that these two genera will have to be 
united later on, but such a measure is still premature, until more and better 
preserved material has been examined. 





Fig. 37. Schistotaenia macrorhyncha (Rud.). Portion of a transverse section 
to show the longitudinal musculature, 


In the present paper we have intentionally left out the minor details which 
can be found in the original descriptions, in order to give only the facts. 
We wish, however, to stress the importance of examining the type material 
before undertaking a revision. It is important that new species should be 
described from well-preserved specimens. Helminthological literature is far 
too congested to leave room for more inadequate descriptions. Too many 
former results have been taken for granted when establishing new species 
and it will be necessary in the future to re-examine all the types of a genus 
before describing new species or undertaking a revision of the existing ones. 
The present classification of the Cestoda is coherent and as natural as any 
classification can ever hope to be, yet the internal status of many genera is 
chaotic and the identity of the species too uncertain. 
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THREE CLOSELY RELATED SPECIES OF 
APLOPARAKSIS CLERC, 1903 


By THOMAS IDWAL DAVIES, M.Sc., Pu.D. 
Lecturer in Biology, Monmouthshire Training College, Caerleon 


From the Department of Zoology, University College of Wales, Aberystwyth 
(With 10 Figures in the Text) 


INTRODUCTION 


APLOPARAKSIS FILUM (Goeze, 1782), A. clerci Yamaguti, 1935, and A. brachy- 
phallos (Krabbe, 1869) are closely related species that are distinguishable 
mainly on anatomical characters, their scolex structures being remarkably 
uniform both in size and form. This opportunity is taken of defining the main 
diagnostic characters of the three species from an investigation of material 
collected in the Aberystwyth area of Wales. 


MORPHOLOGY OF SPECIES 


(1) Aploparaksis filum (Goeze, 1782) 
(Figs. 1-4) 
Syn. Taenia filum Goeze, 1782, Krabbe, 1869; Diplacanthus filum Volz, 1896. Drepanido- 


taenia filum Cohn, 1901; Monorchis filum Clerc, 1902; Aploparaksis filum Clerc, 1903; 
Haploparazis filum Fuhrmann, 1932. 


Aploparaksis filum (Goeze, 1782) was recovered on three occasions from the 
common snipe, Gallinago gallinago (Linn.); all three hosts were taken in the 
Aeron valley during October 1936. In two cases the infection was obviously 
recent, the strobilae being immature and located in the small intestine. In the 
third case the strobilae were gravid and located one in each of the two caeca. 
A similar location has been noticed by the writer for Aploparaksis furcigera 
(Rudolphi, 1819) in the domestic duck, and A. pubescens (Krabbe, 1882) in the 
jack snipe. 

Description. The maximum length of the strobila is 55 mm. and the maxi- 
mum breadth 0-9 mm. The scolex is very small and rounded, 150-180, in 
diameter. The rostellum is well marked, 127 long by 43 broad; its anterior 
surface is rounded, and the anterior extremity is slightly swollen, with a 
diameter of 60. The ten rostellar hooks are 17-23 long, agreeing closely in 
shape (Fig. 1) with the drawings by Krabbe (1869, pl. 8, fig. 199) and Clerc 
(1903, pl. 8, fig. 11). While Krabbe (1869) found them up to 26, long, Clerc 
(1903) found them only 17-18-54 long. When the rostellum is retracted, the 
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outer rostellar sac measures 181 in length and 64, in breadth, and extends 
backwards well beyond the posterior borders of the suckers. The suckers are 
60-80 in diameter, rounded, with poorly developed musculature in the im- 
mature forms. Older specimens recovered from the host’s caeca show con- 
siderably stronger acetabular muscles, though the diameter is approximately 
the same. 

When the strobilar muscles are relaxed, the neck is very attenuate, 3 mm. 
long and 0-09mm. broad. The strobila increases gradually in breadth, 
somewhat resembling a straight tape increasing in breadth slowly and 
regularly. 

The onset of maturity is considerably retarded, the segmented immature 
region reaching a length of 7 mm. This region is followed by a relatively long 
region of “male maturity”, each segment of which contains a single testis, a 
cirrus-sac, and vesiculae seminales (Fig. 2). The first female organ to develop is 
the receptaculum seminis, a spherical body situated ventral to the cirrus-sac, 
obliquely in front of the testis. The region of “female maturity”, in which the 
female glands are developed and “spent” testes still remain, is relatively long; 
it is followed by a gravid region of great length (approximately 30 mm.), the 
eggs being fully developed in the last few segments only. Typical measurements 
of a mature segment are 0-091 mm. long by 0-682 mm. broad, with a length- 
breadth ratio of about 1 : 7. The gravid proglottids are relatively longer, with a 
length-breadth ratio of about 1 : 5, typical measurements being 0-18 mm. long 
by 0-90 mm. broad. 

The strobila is traversed by a pair of dorsal and a pair of ventral excretory 
vessels. Transverse connectives were not observed in entire preparations. The 
diameter of the dorsal vessel in the mature region of the strobila is 6-6-7 p, 
whilst that of the ventral vessel is 21-29. Both these measurements agree 
closely with the figures given by Clerc (1903). 

The single testis is oval, occupying almost the whole of the length of the 
proglottis in the younger segments, but becoming displaced towards the 
posterior part with progressing maturity (Fig. 2). It is 43-64 long and 96- 
117» broad. 

In front of the testis, the cirrus-sac runs transversely across the dorsal 
parenchyma, extending from the deep genital atrium to beyond the median 
line. In younger segments it almost reaches the aporal excretory vessels, and is 
160-213. x19. In segments showing more advanced maturity the cirrus- 
sac scarcely reaches the median line, which is due partly to the increase in 
strobilar breadth and partly to the contraction brought about by the eversion 
of the cirrus. The external vesicula seminalis (Figs. 2, 3) is generally visible as 
a large oval sac dorsal to the tip of the cirrus-sac; Clerc (1903) noted that almost 
the whole of the vas deferens is capable of being converted into a seminal 
vesicle. The interior of the cirrus-sac is occupied by a long, coiled cirrus, and a 
voluminous internal vesicula seminalis. The everted cirrus reaches a length of 
190; it is armed with strong spines, and retains a fairly uniform thickness of 
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11. The internal vesicula seminalis is long and oval, occupying the aporal 
half of the cirrus-sac. 

The genital atrium is narrow, with a depth of 63; = genital pores are 
unilateral, always on the right side. 











Figs. 1-4. Aploparaksis filum (Goeze, 1782). 


Fig. 1. Rostellar hooks, 10, 17-231 long. Fig. 2. ‘‘ Mature male” segment; ventral view. Fig. 3. 
“Mature female” segment, 0-682 mm. broad; ventral view. Fig. 4. Egg; diameter of middle 
shell 34 x 23 p. 


For lettering see p. 207. 
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he vagina is ventral to the cirrus-sac, and expands into a spherical re- 
ceptaculum seminis, 64 u in diameter, situated inside the poral excretory vessels, 
and partly overlying the poral wing of the ovary. This observation does not 
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agree with that of Clerc (1903), who stated that the whole vagina can expand 
into a long, undulating seminal receptacle. The latter condition is certainly 
found in the closely allied A. brachyphallos (Krabbe, 1869), as shown in Fig. 6. 

The ovary is transversely elongate, with a broad isthmus, the two wings 
being slightly but distinctly lobed. The transverse diameter of the ovary is 
192-234 y, and it persists in the mature condition in about 100 segments of the 
strobila. The vitellarium is compact, with a transverse diameter of 64-106, 
the shape changing from round to oval with progressing maturity. 

The uterus is at first a simple, oval, transverse sac, confined to the region 
between the excretory vessels. Later it becomes fairly deeply lobed, and 
extends laterally under the excretory vessels, its lateral ends approaching the 
margins of the proglottids. The eggs are generally oval, sometimes rounded, and 
consist of 2 hexacanth embryo surrounded by three envelopes (Fig. 4). The 
middle shell, 34 x 23 y, is thickened; it is entirely devoid of the polar thickenings 
indicated by Clerc (1903, text-fig. 2), and which are generally held to be 
characteristic of A. filum (Goeze, 1782). The available strobila may, however, 
be too young to show the final form of the ripe egg. 


(2) Aploparaksis clerci Yamaguti, 1935 


One strobila of Aploparaksis clerci Yamaguti, 1935, was recovered from the 
small intestine of a woodcock, Scolopax rusticola Linn., shot on the Mynydd 
Bach moors near Aberystwyth, in December 1935. Yamaguti (1935) has given 
a good description of this species, and the writer will only attempt to place on 
record some measurements of gross morphology based on material in his 
collection. 

Description. The strobila, which is not yet gravid, is 22 mm. long and 
0-45 mm. broad. The scolex is 180, in diameter, and bears a retracted rostel- 
lum armed with ten hooks, 21 in length. The shape of the hook is identical 
with that figured by Yamaguti, and practically identical with that of A. filum 
(Goeze, 1782). The rostellar sac measures 138 x 87, and reaches beyond the 
posterior borders of the suckers; the rounded suckers are 89, in diameter. 

The neck is 1-5 mm. long and 0-07 mm. broad. Mature proglottids possess 
a length-breadth ratio varying from 1: 6 to 1: 7; gravid proglottids were not 
available for examination. The ventral excretory vessels are 21 in diameter, 
whilst the diameter of the dorsal vessels is 4-54; transverse excretory con- 
nectives were not observed. 

The single testis measures 53 x 75 yz. The cirrus-sac is prominent and spindle- 
shaped, 130-140 x 21; it overreaches the poral excretory vessels, but falls 
considerably short of the median line. The vas deferens extends in a transverse 
line from the cirrus-sac to the pear-shaped external vesicula seminalis, which 
is situated anterolaterally to the testis. This disposition of the vas deferens 
resembles that of A. crassirostris (Krabbe, 1869), and is totally different from 
the recurved vas deferens of A. filum. The cirrus-sac is almost wholly occupied 
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by an oval internal vesicula seminalis. The cirrus is withdrawn, but the coils of 
the armed cirrus that are so conspicuous inside the cirrus-sac of A. filum are 
entirely absent in A. clerci. Yamaguti (1935) figures a somewhat small everted 
cirrus armed with very small spines. 


(3) Aploparaksis brachyphallos (Krabbe, 1869) 
(Figs. 5-10) 
Syn. Taenia brachyphallos Krabbe, 1869; Taenia filum var. brachyphallos Lénnberg, 1890; 
Diorchis serpentata von Linstow, 1905; Skorikowia clausa von Linstow, 1905. 

Aploparaksis brachyphallos (Krabbe, 1869) was recovered on two occasions 
from the small intestine of the jack snipe, Limnocryptus gallinula (Linn.); both 
birds were shot in the Aeron Valley during October 1936. The one bird yielded 
two immature specimens of A. brachyphallos, whilst the other yielded ten 
immature and one gravid worm of the same species. This is the first record of 
A. brachyphallos from the jack snipe, though it is known to be a common 
parasite of marine and estuarine waders in the holarctic region. The birds from 
which A. brachyphallos has hitherto been recorded are Aegialitis hiaticola, 
Arquatella maritima, Calidris arenaria, Limonites damacensis, Pelidna alpina, 
and Tringa canutus. It is significant therefore that the present record of A. 
brachyphallos is from an inland wading bird. 

Description. The maximum length of the strobila is 50 mm., whilst the 
breadth reaches 0-8mm. The scolex is considerably larger than that of 
Aploparaksis filum (Goeze, 1782), rounded, with a diameter of 224-234. The 
rostellum is prominent, 190 x 50. Its anterior border is fairly strongly curved, 
and the breadth of the tip is slightly greater than that of the rest of the rostel- 
lum. The ten rostellar hooks are 17-21 long, with a shape (Fig. 5) that is 
practically identical with that of A. filum (Goeze, 1782). When the rostellum is 
everted the rostellar sac is 128 long by 64 broad, extending well beyond the 
posterior borders of the suckers. The suckers are small, rounded, and promi- 
nent, with a diameter of 77-85 py. 

The neck is relatively short, 0-7-1 mm. x 0-14 mm. It widens fairly rapidly 
to the immature region of the strobila, where the segments are relatively 
indistinct, without salient posterior borders. These first-formed segments are 
capable of considerable attenuation, their length-breadth ratio being about 
1: 24. With the onset of male maturity the segments are relatively broader, 
with a length-breadth ratio of 1: 5}. In this region the segments consist only 
of a testis and a cirrus-sac in the anterior part, whilst posteriorly, towards the 
region of female maturity, an external vesicula seminalis and a receptaculum 
seminis are seen to develop. The fully mature proglottids, containing female 
glands, “spent” testes, seminal vesicles and receptacles, are relatively longer 
than those of A. filum (Goese, 1782), their length-breadth ratio being generally 
1: 34, typical measurements being 0-22 mm. long by 0-82 mm. broad. The 
gravid segments are again relatively longer than the mature segments, typical 
measurements being 0-364 mm. long by 0-728 mm. broad. 
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The excretory system consists of two dorsal and two ventral vessels without 
transverse connectives. The diameter of the dorsal vessel is 8-51, whilst that of 


the ventral vessel is 21 p. 
Careful examination of the male part of the strobila of A. brachyphallos 











Figs. 5-7. Aploparaksis brachyphallos (Krabbe, 1869). 


Fig. 5. Rostellar hook, 10, 17-211 long. Fig. 6. Mature segment; 0-82 mm. broad; dorsal view. 
Fig. 7. Egg; diameter of middle shell 38 x 32 p. 
For lettering see p. 207. 


revealed a peculiarity in the number and development of the testes. In the 
extreme anterior part of the maturing strobila (Fig. 8), the rudiments of the 
testes may appear as two distinct and separate bodies in each proglottis. Of 
ten consecutive segments, six were observed to show this condition, the testes 
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being either duplicated or very deeply bilobed. Of the ten consecutive seg- 
ments next following, three only showed this peculiarity (Fig. 9), whilst the 
next ten consecutive segments were all unitesticulate. The bitesticulate con- 
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Figs. 8-10. Aploparaksis brachyphallos (Krabbe, 1869). 


Fig. 8. Immature segments, showing duplication of testes rudiments. The bitesticulate condition 
was observed in six out of ten consecutive immature segments. 
Fig. 9. “‘Mature male’’ segments of the same strobila; either duplication or deep bilobing of the 
testis was observed in three out of ten consecutive “mature male’’ segments. 
Fig. 10. “‘ Mature female’’ segment showing duplication of the testis, a condition of rare occurrence 
only in “mature female”’ proglottids. 
For lettering see p. 207. 


dition can persist, however, in a very small percentage of the fully mature 
proglottids (Fig. 10). 
The mature testis is 64-95 u x 95-117 p; it is generally situated medianly in 
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the proglottis, becoming displaced towards the aporal side in some segments of 
the “mature female” region. The external vesicula seminalis is very variable in 
size; it is situated dorsal to the cirrus-sac and may extend from the aporal tip 
of the cirrus-sac to the position of the poral excretory vessels. Ii is frequently 
deflected posteriorly, when it may overlie almost the whole of the ovary, 
appearing as a wide pear-shaped sac distended with sperm. The cirrus-sac in 
young proglottids reaches well beyond the median line, almost reaching the 
aporal vessels. In mature proglottids it may reach the median line or its tip 
may fall slightly short of that level. Its walls are not very muscular, and the 
whole sac presents an elongate and slender appearance. Its measurements are 
190-240 x15. It contains a long, oval internal vesicula seminalis, which 
occupies almost the whole of the cavity of the sac. The everted cirrus is ex- 
tremely short, and was never observed to extend beyond the cavity of the 
genital atrium. Typical measurements of the everted cirrus are 29 x 6. 

The genital pores are unilateral on the right side. The genital atria are deep 
and narrow, and receive the openings of the cirrus and vagina, the latter being 
directly ventral to the former. 

In contrast with A. filum (Goeze, 1782), the vagina of A. brachyphallos 
(Krabbe, 1869) is capable of being distended along the whole of its length to 
form an elongate receptaculum seminis (Fig. 6), extending from the genital 
atrium at the margin to the ootype at the centre of the proglottis. The recepta- 
culum is club-shaped, and often reaches a diameter of 64, at its aporal tip, 
tapering gradually towards the vaginal pore at the atrium. 

The ovary is a broad glandular mass (Fig. 6), with more numerous lobes 
than the ovary of A. filum (Goeze, 1782). It measures 180 in transverse 
diameter. The vitellarium is compact, rounded, or slightly lobed, posterior to 
the broad ovarian isthmus; its diameter is typically 42. The uterus is at first 
a broad transverse sac, with distinct lobes at its margins. Later it extends 
outwards, dorsal to the cirrus-sac and excretory vessels, coming to occupy 
almost the whole of the gravid proglottis. 

The eggs are 40-60, in diameter; the thickened middle shell is generally 
oval, and measures 38 x 32. No polar thickenings were observed during the 
investigation. 


Discussion 


Among the avian cestodes collected in the Russian Polar Expedition of 
1900-3, two species showing a bitesticulate condition were described by von 
Linstow (1905) as Diorchis serpentata and Skorikowia clausa, both forms being 
new, and the latter being the type species of a new genus. The chief characters 
of the genus Skorikowia were the possession of two testes in each proglottis and 
the absence of a vagina. Fuhrmann (1908, p. 83, footnote 1), after examining 
the original material of these two species, concluded that they were both 
identical with Aploparaksis brachyphallos (Krabbe, 1869), but he offered no 
remarks on the presence of a bitesticulate condition in either species; the above 
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description of material of British origin confirms von Linstow’s earlier observa- 
tion of the bitesticulate condition. 

In his drawings of Diorchis serpentata von Linstow (1905, pl. I, fig. 23) 
figures an elongate receptaculum seminis extending from the genital pore up to 
the median line of the proglottis, a condition identical with that described by 
the writer above. The absence of a vagina in the material named Skorikowia 
clausa, however, must be regarded with suspicion, since the extremely thin wall 
of the receptaculum seminis is often liable to be missed completely in whole 
mounts as in serial sections. 

An important feature brought out in the present description of A ploparaksis 
brachyphallos (Krabbe, 1869) is the progressive decrease in the frequency of 
testis duplication along the length of the strobila; this decrease suggests the 
derivation of the single testis in A. brachyphallos from the fusion of two testis 
rudiments in each proglottis, thus deriving the species from a Diorchis proto- 
type. This reduction of testes number by fusion in the Hymenolepididae is 
evidenced also in Hymenolepis planestict (Mayhew, 1925) and H. macrostro- 
bilodes (Mayhew, 1925), where one testis may be associated with two, three, or 
even four vasa efferentia (vide Fuhrmann, 1931, p. 367). 

The scolex characters of Aploparaksis filum (Goeze, 1782), A. clerci 
Yamaguti, 1935, and A. brachyphallos (Krabbe, 1869) are remarkably similar, 
all three possessing ten rostellar hooks of a uniform shape and with a length 
varying around 20; the diameter of the scolex of A. brachyphallos, however, 
is considerably larger than that of A. filum or A. clerci. The three species are 
separated mainly on features of genital morphology, their diagnostic characters, 
based on the present and previous descriptions, being as follows: 

Aploparaksis filum (Goeze, 1782). Cirrus long (1904) and armed with 
strong spines, forming conspicuous coils within the cirrus-sac when retracted; 
vas deferens recurved; vagina expanding into a spherical receptaculum seminis 
(as in the writer’s material) or expanded along its whole length to form a 
receptaculum seminis (as in the material described by Clerc (1903)). 

Aploparaksis clerci Yamaguti, 1935. Cirrus protrusible and armed with 
very small spines, forming no coils within the cirrus-sac when retracted; vas 
deferens straight as in A. crassirostris (Krabbe, 1869), leading to an external 
vesicula seminalis which may turn back on itself; vagina expanding into an 
ovoid receptaculum seminis, but in addition may be somewhat enlarged 
distally. 

Aploparaksis brachyphallos (Krabbe, 1869). Cirrus either not protrusible, or 
protrusible into a short unarmed organ with a basal swelling (as in Krabbe’s 
original material), and forming no coils within the cirrus-sac when retracted; 
vas deferens recurved; vagina expanded along its whole length into a recepta- 
culum seminis. 

The writer suggests that the differences diagnosing these three species are 
related to a change in reproductive function, the well-developed cirrus mechan- 
ism of Aploparaksis filum (Goeze, 1782) being probably associated with cross- 














T. I. DAVIES 207 


fertilization, and the reduced cirrus of A. clerci Yamaguti, 1935 and A. brachy- 
phallos (Krabbe, 1869) being almost certainly associated with autoinsemination 
as a normal means of fecundation. Whereas further researches may show that 
the variation from A. filum (Goeze, 1782) to A. clerci Yamaguti, 1935, is con- 
tinuous, as indeed is evidenced by the much reduced cirrus mechanism of A. 
filum var. pseudofilum (Clerc, 1903), it is considered advisable at the present 
stage to retain A. clerci Yamaguti, 1935, as representing an extreme type of 
cirrus reduction, and as possessing the distinctive character of a straight vas 
deferens. The species Aploparaksis brachyphallos (Krabbe, 1869), however, is 
retained with greater justification on the grounds of its considerably larger 
scolex, the apparent derivation of its single testis by the fusion of two testes 
rudiments, and the broad lobed nature of its ovary. The writer does not assign 
diagnostic significance to the polar thickenings of egg-shells of Aploparaksis 
spp. on account of the long time these characters apparently take to assert 
themselves, the contents of gravid proglottids being often too unripe to show 
the state that the egg will assume in its final ripe condition. 
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Lettering for figures 


c. cirrus. r.8. receptaculum seminis. 
c.8. cirrus-sac. t. testis. 

e.8. external vesicula seminalis. v. vitellarium. 

7.8. internal vesicula seminalis. va. vagina. 

0. ovary. 
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THE EFFECTS OF ENVIRONMENTAL CONDITIONS ON 
THE ACCESSIBILITY OF THIRD STAGE TRICHO- 
STRONGYLE LARVAE TO GRAZING ANIMALS 


By W. P. ROGERS, M.Sc. 
Research Scholar, University of Western Australia 


(With 12 Figures in the Text) 


INTRODUCTION 


A suRVEY of parasites in sheep in Western Australia (Rogers, 1939) showed 
that there were great variations in the seasonal incidence of the parasite 
population, infestations being greatest in late summer and lowest in winter. 
Three main reasons for this have been advanced. (1) The diet of the sheep 
becomes very poor towards the end of the prolonged dry summer and probably 
the vitamin A content of the food is low. (2) The climatic conditions in summer 
may favour the development of larvae more than the winter conditions. (3) 
Summer conditions may be most suitable for larval migration up the grass to 
situations favourable for infecting sheep. 

While it is probable that the first and second factors are of major import- 
ance, the third factor has been studied before them because difficulties in 
obtaining suitable experimental animals and material rendered investigation 
of all three factors impossible. 

The actual position of the larvae on grass may not appear to be of great 
importance, for in certain periods close grazing is necessary and, even if 
conditions do not allow much larval movement on the grass, infection would 
still take place. Close grazing occurs several times during the year, when food 
is scarce (late summer and early winter) and when the more palatable grasses 
are grazed close. The investigation revealing the seasonal incidence of the 
parasites was confined to “fat” sheep sold for slaughter, which, being on better 
types of pastures, could probably exercise some selection in feeding. Since the 
periods of close grazing were distributed throughout the year, it was decided 
that an investigation of factors leading to larval migration up grass might be 
of importance in determining the seasonal changes in parasite population. 

Though much is already known concerning the tropisms of Trichostrongyle 
larvae, the information is largely of a general nature. The present work was 
carried out in an attempt to determine more exactly the movements of larvae 
under different environmental conditions. 
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EXPERIMENTAL PROCEDURE 


The larvae used consisted of several species, chiefly Trichostrongylus spp. 
and Haemonchus contortus, cultured in faeces in the usual manner. The types 
and concentrations of larvae were found by counting those present in a small 
sample, usually a fortieth of the total volume of water. The larvae were 
identified by means of Ménnig’s (1931) key. 

Small plots of sedge (Kylinga sp.) cut to a standard size were infected with 
known numbers of larvae. Usually about 5000 larvae contained in about 3 ml. 
of water were placed on each plot. As in each experiment the plots were 
infected with equal volumes of water containing larvae taken from the one 
source, the numbers of species of larvae used could not have varied greatly 
from plot to plot. 

Preliminary observations with these plots, infected at the soil surface with 
known numbers of larvae, indicated that the larval tropisms could be reason- 
ably well studied (larvae being recovered by the Baermann technique), pro- 
vided that uniform density of vegetation was available and that penetration 
of light and moisture to the soil surface (the initial site of the larvae) was not 
irregularly affected by varying amounts of vegetable debris. Such conditions 
were not satisfied entirely with Kylinga sp., and consequently, for the more 
critical experiments, standard plots of perennial rye grass (Lolium perenne) 
were used. 

This grass was grown in sand in tins 8 cm. in diameter. The seeds (the 
percentage germination of which was roughly 63) were planted about 18 to the 
sq. cm., or 1-5 g. of seed to each tin. About every 2 days the tins containing 
the grass were allowed to stand for 10 min. in a nutrient solution which was 
absorbed through holes in the base. That this nutrient solution did not affect 
the larvae subsequently placed on the plot, was ascertained by using control 
plots which had stood in tap water alone. The plots were used before the grass 
had tillered. Before larvae were placed on the plots the grass was cut to a 
standard height of 3 cm. 

To ensure that the larvae should be fairly evenly distributed over the 
surface of the soil of the plot, inoculation was carried out by means of a syringe 
with a long needle. The required amount of water containing larvae was drawn 
into the syringe and carefully ejected on to the soil in various parts of each 
plot. Care was exercised that larvae were not placed directly on the grass. 

Before exposure to the experimental conditions the plots were stored in 
darkness in an incubator, usually at 12° C. for about 2 hr., to allow the larvae 
to reach an equilibrium position in their new environment (see p. 211), and 
thus to ensure that the infected plots should have equal numbers of larvae 
situated in similar positions. 

After exposure to the various environmental conditions (see below) the 
grass was cut from the plot and the larvae recovered from it by the Baermann 
technique. In certain experiments the grass was cut at 1 cm. above the soil 
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surface, so that larvae could be recovered separately from the lower 1 cm. of 
growth and from the upper 2 cm. 

As a rule the extraction of larvae by the Baermann method was allowed 
to run for 24 hr., after which time 5 ml. was drawn from the base of each funnel. 
Four 0-25 ml. samples were taken from each 5 ml. and the larvae counted, 
those of each genus being recorded separately. The number of larvae reacting 
under each treatment could be calculated. When large numbers of larvae were 
used only two 0-25 ml. samples were taken from each 5 ml. 

The accuracy of this technique was examined by extracting larvae from 
weighted quantities of grass infected with known numbers of larvae. The 
results obtained from these tests are given in Table 1. In test A about 1000 
larvae, and in test B 1200 larvae, were placed on 4 g. of grass. The accuracy 
depended both on the Baermann technique and on ability to measure out the 
equal quantities of larvae used in infecting grass. 


Seasonal incidence of parasite larvae 











Table 1 
Occurrence of the different spp. recovered 
‘ Y 
Tricho- Oster- Nemato- 
No. in 0-25 ml. sample UH. con- strongy- tagia C. dirus Re- 
=e ‘ tortus lus spp. spp. ovina spp. covery 
No. 1 2 3 4 % % % % % Total % 
Al 17 44 26 23 87 13 — — — 550 55 
2 28 34 26 37 84 16 — — _— 625 62-5 
3 34 38 32 39 77 17 6 — —: 615 61-5 
4 30 42 22 38 87 13 — -- — 660 66 
5 1 — 1 2 100 — — _ — 20 2 
Bl 34 38 30 27 37 59 4 —_— — 645 54 
2 26 26 32 38 37 53 75 — 2 610 51 
3 36 49 32 40 52 40 5 _ 3 720 60 
4 24 29 27 34 50 47 3 —_ — 570 47-5 
5 33 38 28 34 58 35 6 1 —_— 735 61 





In the case of A5 some difficulty was experienced in drawing the larvae 
into the syringe, and it is probable that some debris collected in the needle 
prevented the normal quota of larvae being drawn up with the water. 

The average deviation in the recovery was, in test A (neglecting A5), in 
the region of 3 %, in the case of test B about 5 %. Variations in the propor- 
tions of the different types of larvae recovered were greater still. 

The percentage recovery appeared to vary with the age of the larvae. 
Thus, single tests of the Baermann technique were run from time to time as 
a rough indication of the activity of the larvae used at that time. The recovery 
was at times as high as 95 % and on other occasions as low as 45 %. 

It is thought that it was not entirely the age of the larvae which deter- 
mined these changes in activity, but rather the changes in the culture material. 
Thus it was sometimes found that old cultures gave larvae which appeared to 
be impeded mechanically by the presence of fungal hyphae. Moreover, when 
experiments were repeated, it was often found that though the resulting 
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reactions were the same, the actual numbers of active larvae varied greatly 
from experiment to experiment. 


I. THE MIGRATION OF LARVAL TRICHOSTRONGYLES IN DARKNESS 


Five plots of rye grass were selected, cut to a height of 3 cm. and infected 
with some 1500 larvae each. The plots were then placed in darkness at 12° C., 
withdrawn one at a time at hourly intervals, the grass cut in two sections and 
the larvae recovered and counted. Table 2 summarizes the reactions noted. 





Table 2 
Larvae recovered 
Time r - ‘ 
hr. Top 2 cm. grass Lower 1 cm. grass 
1 10 70 
2 20 130 
3 10 70 
4 20 70 
5 10 60 


It appears that larval movement was not great under the conditions 
examined. In each case the distribution of larvae on the plots was found to be 
similar. The practice of placing plots in darkness for 2 hr. before exposing 
them to the various environmental conditions being studied, was, therefore, 
probably effective in that the numbers and situations of the larvae on the plots 
was approximately the same whether the plots were withdrawn together or 
removed at intervals. 


II. THE STUDY OF THE MIGRATION OF TRICHOSTRONGYLE LARVAE 
UNDER THE INFLUENCE OF LIGHT OF VARIOUS INTENSITIES 


Various methods for measuring light intensities (including a selenium 
photographic exposure meter) under field conditions were tried, but finally 
an apparatus, the circuit of which is shown in Fig. 1, was adopted as being 
fairly accurate, portable and inexpensive. 

The light-sensitive element was a photocell (Osram CM 8). On momen- 
tarily closing the switch S,, the condenser C, was charged, bringing the poten- 
tial of the grid of the valve V, to —31-5 V. The condenser then discharged 
through the photocell at a rate depending upon the light intensity to which it 
was exposed. When the condenser was discharging, the grid potential rose until 
current was able to pass to the anode of the valve, this current being indicated 
in the meter MA. One side of the condenser was made sutliciently positive, 
relative to the cathode of the valve, to ensure that the discharge through the 
photocell was reasonably large at the time when the anode current was sen- 
sitive to small changes in grid potential. Thus the period from the moment of 
charging the condenser until current passed through the valve gave a measure 
of the “resistance” of the photocell, a quantity which was inversely pro- 
portional to the intensity of the light exciting the photocell. 
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In order to obtain reliable results, leakages in the apparatus had to be 
reduced to a minimum. In particular, it was necessary that the condenser C, 
should have a high-quality mica dielectric. The leakages across the surface of 
the valve were minimized by using a type of valve with the grid terminal at 
the top. The condenser used was a 0-05uF. mica condenser, while the valve 
was a high-frequency pentode type E.F. 6. When the photocell was in darkness 
current did not pass for 15 min. after charging. When used as a photometer 
no period of discharge greater than 90 sec. was used. 

The instrument was calibrated by illuminating it with an electric lamp 
capable of providing a known light flux. The photocell was tested from time 
to time by means of the standard lamp, and the variation was found to be in 
the region of 4 %. 























+135 
Ss +90 
CM 8. 2G 
Ri 
+15 0 -31°5 
li) ----- Ml|---—4 








Fig. 1. Diagram showing the circuit used in the photometer. For explanation see text. 


For providing lights of various intensities for experimental purposes, 
electric lamps with a variable resistor in series with the mains were used. 

Preliminary experiments were carried out using infected plots of Kylinga 
sp. Plots were exposed for 30 min. periods to lights of known intensity. The 
maximum light intensity used in these experiments was 15 f.c. The resulting 
larval counts varied considerably, but more larvae migrated up the grass at 
the higher intensities. 

A further experiment was carried out exposing plots at intensities of 0, 155, 
310, 620, 930, 1240, 1550, 2170 f.c. Larvae were recovered from the grass and 
counted. It was found that in darkness about 500 larvae, at 155 f.c. about 
1500 larvae, and at other intensities approximately 1000 larvae, had migrated 
up the grass. 

It appeared, therefore, from the two above experiments that the larvae 
were most active at light intensities of between 15 and 155 f.c. Outside this 
range they did not climb in so great a number. 

These results were verified by exposing plots at intensities of 3, 62, 124, 
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186, 248, 310, 620, 930 and 1240 f.c. In this case plots of rye grass were used. 
Nine plots were selected as being fairly evenly grassed and of somewhat 
similar soil moisture content. The grass was cut to the standard height, 3 cm. 
Each plot was inoculated as previously described, with about 4000 larvae. 
The infected plots were placed in darkness at a temperature of 24° C. for 2 hr. 
and were then withdrawn as required and placed under the light for 60 min. 
During the whole experiment the temperature under the lamp varied from 20 
to 28° C., the humidity from 50 to 80 % saturation. It is thought that these 
changes did not affect the results to any extent. The chief variation was in the 
times the plots remained in darkness. The first plot used was under this condition 
for 2 hr. and the last for 17 hr. It was shown, however, previously that larval 
movement in darkness is not great. 


Larvae—> 








ii 


L 1 i i 
0 310 620 930 1240 
Light intensity (foot candles)> 








Fig. 2. Showing the numbers of larvae recovered from grass 
exposed to various light intensities. 


After being exposed to the light, the plot under investigation was removed, 
the grass cut in the two sections and the larvae collected separately from each 
section. 

The results are shown in Fig. 2. Apparently larvae under the influence 
of dim light migrated vigorously up the grass. Most movement was recorded 
under a light of 62 f.c. intensity. Less reaction was noted using either weaker 
or stronger lights. 

The percentage of Haemonchus contortus recovered from each plot did not 
vary in any regular manner. Ostertagia spp. were found to constitute 14 % of 
the larvae recovered from the plot subjected to a 3 f.c. intensity and 17 % 
from that at 31 f.c., but was not noted at higher light intensities. Chabertia 
ovina was recovered only below light intensities of 124 f.c. Movement of 
Strongyloides papillosus was found to be very feeble for it was seldom recovered 
from the grass, though sometimes occurring in fairly high numbers in the ino- 
culum. Thus, in one series of experiments S. papillosus constituted 10 °% of 
the larvae used, but it formed only 0-6 % of the total number recovered. 
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It was found that the percentage of Trichostrongylus spp. recovered fell 
slightly at lower light intensities. The number of larvae recovered from the 
lower 1 cm. of grass decreased with increases in the light intensity. Thus the 
maximum number (31 % of the total from both sections of the grass) was 
recovered from the plot which was exposed to a luminous flux of 3 f.c. intensity. 


III. THE MIGRATION OF TRICHOSTRONGYLE ‘LARVAE ON 
GRASS AT VARIOUS TEMPERATURES 


Five plots of rye grass were selected, cut to a height of 3 cm., infected with 
about 6000 larvae each and placed in darkness at a temperature of 12° C. for 
2 hr. They were then withdrawn as required and placed in an incubator under 
a light which illuminated them at an intensity of approximately 100 f.c. (This 


600 


Larvae—> 
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Fig. 3. Showing the numbers of larvae recovered from grass exposed 
to a luminous flux of 124 f.c. at various temperatures. 


was not actually measured, for the photometer could not be placed in the 
incubator.) The light intensity was not varied during the course of the 
experiment. 

The temperature conditions examined ran in intervals of 10° C., from 5 to 
45° C. Each plot was exposed at the required temperature for 60 min., after 
which the grass was cut and placed in the funnels of the Baermann apparatus. 

Counts of the larvae recovered showed that their activity was greatest at 
the two extreme temperatures, 5 and 45° C. At 25° C. it appeared that move- 
ment on the grass was at a minimum. The results are shown in Fig. 3. 

This experiment was repeated under similar conditions, and the same 
type of curve was recorded. It was found, however, that the reaction of the 
larvae at 5° C. was more marked though still not as great as at 45° C. 

From the type of graph recorded, it appears that larval movement under 
the conditions of this experiment was in response to unfavourable environ- 
mental conditions. Thus the lessened activity at 25° C. was considered to be 
due to the lack of stimulating influence of the unfavourable temperature. It 





ell 
he 
he 
as 


th 
or 
er 





W. P. ROGERS 215 


appears, therefore, that temperatures in this region are most suitable for 
existence of the larvae. 

Fig. 4 illustrates the comparative sensitivity (as shown by the percentages 
of the various types recovered) of several types of parasite larvae to the 
various temperature conditions. The activity of Haemonchus contortus in- 
creased greatly with the temperature. Thus at 45°C., 80 % of the larvae 
recovered were of this species, this figure falling to 15 % at 15°C. Cameron 
(1934) states that its activity is greatest between 35 and 40° C. Ostertagia spp. 
and Trichostrongylus spp. were in comparison found to be more active at lower 
temperatures. 


Haemonchus contortus 
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Fig. 4. Showing the proportions of the various types of larvae 
recovered at different temperatures. 


IV. THE EFFECTS OF MOISTURE ON THE MIGRATION 
OF TRICHOSTRONGYLE LARVAE 


(a) Moisture on the grass 


Eight standard plots of rye grass (cut to height of 3 cm.), each infected 
with approximately 2000 larvae, were placed in darkness for 2 hr. and then 
withdrawn at 5 min. intervals. The first plot was not sprayed with water, but 
was immediately placed under a light at an intensity of 155 f.c. After 30 min. 
the grass on the plot was cut in the two sections and the larvae recovered. 

The remaining plots were treated in a similar manner, except that they 
were sprayed with increasing amounts of water by means of an “atomizing” 
spray pump before being placed under the light. The amounts of water used 
increased by intervals of 0-04 ml. per sq. cm. of soil surface, for convenience 
termed 1 unit, from 0-04 ml. per sq. cm. to 0-28 ml. per sq. cm. 

Fig. 5 shows the resulting larval reaction. Evidently 3 units gave maxi- 
mum assistance to larvae; quantities more or less than this were not so effec- 
tive. Quantities exceeding 5 units tended to prevent larvae ascending the 
grass. The numbers of larvae recovered from the upper 2 cm. of grass, reached 
&@ maximum when the grass was sprayed with 1 unit. Above this amount 
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movement was lessened. Similar conditions were reached at the base of the 
grass when more than 3 units were used. This difference was probably due to 
the fact that the water could not be sprayed evenly along the length of the 
grass, the top sections receiving more moisture than the base. 

Using plots of sedge, it was found that the maximum number of larvae 
were recovered when the grass was sprayed with 2-5 units, amounts more 
than 4-5 units actually tended to prevent larvae ascending the grass. 

Fig. 6 shows the percentages of the various types of larvae in the samples 
recovered from the various plots. The percentage occurrence of the larval 
types in the inoculum is also shown. This graph is but a tentative indication 
of the reactions of the various larval types to moisture on the grass. It is the 
result of one series of experiments only (those given in Fig. 5). In Fig. 5it was 


200} Total no. of larvae on grass X—— 
Pa Larvae on upper 2 cm. s— 
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Fig. 5. Showing the effect of moisture (on grass) on larval migration. 
Temperature 25-26° C. 


seen that the number of larvae reacting at high moisture conditions was very 
low and consequently percentages calculated in this region were unreliable. 
Thus from Fig. 5 it can be seen that at 6 and 7 units of moisture the larvae on 
each plot were estimated to be 20 in number. Under the system of sampling 
used this represents the identification of only two larvae in each sample which 
greatly reduced the probability of Fig. 6 being accurate in this region. However, 
the percentages of the types recovered vary so greatly from their occurrence 
in the inoculum with which the plots were infected, that the results may be 
considered to show something of the true position. 

Ostertagia spp. were apparently most favoured by the presence of moisture 
on grass. At 5 units of moisture, 65 % of the larvae recovered were of this 
genus, their occurrence in the total number of larvae on the plot being in the 
region of 9 %. On dry grass 12 % of the larvae recovered were of this type. 
Haemonchus contortus showed poor ability to move on moist grass. Its occur- 
rence in the inoculum was in the region of 32 % and yet at 3 units moisture 
when about 200 larvae were recovered from the plot (i.e. 20 in the sample 
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taken) this species constituted only 5 % of the larvae recovered. Above 3 units 
of moisture larval H. contortus were not recovered. 

Trichostrongylus spp. apparently showed greatest ability to migrate on the 
dry grass; with more moisture its percentage occurrence in the samples fell 
to about 30 % though this genus constituted about 59 % of the inoculum. 

It is probable that other environmental factors, such as the nature of the 
grass, temperature and humidity, may have influenced the initial proportions 
of the different species reacting. Thus if the temperature had been higher (it 
remained fairly constant at 26° C. during the period of the experiment) more 
Haemonchus contortus might have been found in the samples collected (cf. 
p. 215). However, all plots were subjected to the same factors (with the ex- 
ception of grass moisture), for they were exposed almost all at the same time, 
being taken from darkness at 5 min. intervals to allow for the time taken in 
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Fig. 6. Showing the ability of various types of larvae to migrate on moist grass. 
See text for the discussion on the accuracy of the curves. For legend see Fig. 4. 


spraying at the beginning of the experiment and cutting the grass at the end. 
Thus changes in the total number of larvae and the proportions of the different 
types must have been due to changes in grass moisture alone. When many 
units of moisture were used, the soil surface itself may have become wet. It 
may appear that the ability of the larvae to migrate up from wet soil may have 
been a factor in determining the curves of Figs. 5 and 6. The following experi- 
ments, however, show that soil moisture does not affect the larvae greatly 
until a high moisture content is reached. 


(b) Moisture in the soil 


Five plots of rye grass (cut to a height of 3 cm.) were selected and varying 
amounts of water placed on the soil of three of them by means of the syringe. 
Care was exercised that no water was placed on the grass. One plot was kept 
dry and another was saturated with moisture by standing it in water during 
the period of the experiment. Each plot was infected with approximately 
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4000 larvae and stored in darkness for 30 min. (this period being shorter than 
in other experiments to lessen the amount of moisture lost from the soil). The 
plots were withdrawn at 5 min. intervals and exposed to a light of 155 fic. 
intensity for 60 min. The temperature under the light was 20°C. and the 
humidity 60 % saturation. The grass was cut in two sections and the larvae 
collected and counted. Samples of the soil were taken from each plot and the 
soil moisture found by weighing and drying to constant weight at 104° C. 
The moisture content of each plot was calculated as percentage saturation, the 
plot standing in water being regarded as 100 °% saturated. 

Fig. 7 shows the larval reactions. With increasing amounts of soil moisture 
the larval recovery increased until maximum numbers were recovered at 84 % 
soil saturation. The ability of larvae to leave the soil was reduced at greater 
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Fig. 7. Showing the ability of larvae to move on to grass from soils of 
various moisture content. Temperature 20—22° C. 


saturation, an increase from 84 to 100 % saturation resulting in a 17 % fall 
in the number of larvae recovered. 

This experiment was repeated on two occasions and each time a similar 
curve resulted. The soils used were of the same nature being fairly clean sand 
(see experimental procedure). Maximum larval recovery was gained at 80 % 
saturation in one case and 83 % saturation in the other. The numbers re- 
covered fell by about 20 °% from this figure when the saturation reached 100 %. 

Fig. 8 shows the reaction of the various larval types. These results were not 
obtained from the experiment providing the results shown in Fig. 7, for in that 
case the larvae were not identified. In the case of Fig. 8 the same restrictions 
apply as was stated for Fig. 6, for again the total number of larvae reacting 
was small though the curve produced was similar to that shown in Fig. 7. 

Ostertagia spp. showed the greatest ability to migrate from very wet soil 
on to grass. Trichostrongylus spp. and Haemonchus contortus evidently moved 
easily from sandy soils up to a saturation of 80 %, above this value their 
ability probably decreased. Since the Figs. 6 and 8 are so similar, it may be 
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thought that increasing amounts of moisture were placed on the grass as well 
as the soil. However, care was taken to ascertain that this did not occur. 


V. THE ABILITY OF TRICHOSTRONGYLE LARVAE TO PASS THROUGH 
WATER IN ORDER TO ASCEND BLADES OF GRASS 


Rye grass was grown in plots with the soil surface about 0-5 cm. below the 
edge of the containers. The holes in the base of the containers were sealed with 
wax and water was carefully poured in until its level was about 0-4 cm. above 
the soil surface. One of these plots and a standard control were infected with 
similar numbers of larvae. (In test A, see Table 3, the soil of the standard 
control was dry, in B saturated with water.) The two plots were then placed 
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Fig. 8. Showing the ability of various types of larvae to migrate from soils of 
different moisture content. See text for discussion on the accuracy of the 
curves. For legend see Fig. 4. 


Table 3. Larvae recovered 


Plots covered 


No. Controls with water 
Al 150 10 

2 80 Nil 

3 110 Nil 
B4 750 90 

5 240 70 

6 270 50 


in darkness for 30 min. and then removed together and placed under a light 
at an intensity of 124 f.c. After 45 min. the grass, that above the soil surface 
in the one case and the water surface in the other, was cut from the plots and 
the larvae recovered and counted. Table 3 summarizes several such experi- 
ments. In each of the groups different numbers of larvae were used. It is 
evident that under the conditions examined the presence of free water on the 
soil surface tends to prevent larvae from ascending the grass above. 
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VI. THE RATE OF MIGRATION OF TRICHOSTRONGYLE LARVAE ON GRASS 


Five plots of rye grass were selected and infected with about 5000 larvae 
each. They were placed in darkness for 2 hr. and then exposed simultaneously 
to light intensity of 124 f.c. At 15 min. intervals plots were removed, the grass 
cut in the two sections and the larvae on each lot recovered separately in the 
Baermann apparatus. During the period of this experiment the temperature 
changed from 24 to 26° C. 
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Fig. 9. Showing the rate of migration of larvae up the grass. Temperature 24-26° C. 
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Fig. 10. Showing the rate of migration of larvae down grass. Temperature 30-32° C. 


The results obtained by counting the larvae are shown in Fig. 9. Apparently 
there was a steady increase in the total number of larvae during the first 45 
min., after which the numbers increased only slightly. In some experiments 
the number of larvae recovered from plots exposed for 60 and 75 min. 
decreased. The numbers of larvae on the lower 1 cm. of grass increased steadily 
over the first 30 min. after which the numbers recovered were fairly constant. 

Fig. 10 shows the result of the experiments to determine the rate of larval 
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migration down grass. In this case the plots of sedge were infected with about 
4000 larvae each, and then placed together under a light at an intensity of 
about 100 f.c. for 60 min. after which they were placed under strong light 
(about 600 f.c.). The plots were removed at 15 min. intervals, the grass cut and 
the larvae recovered as before. 

Apparently the migrating larvae again reached an equilibrium in 45 min. 
It is probable that this period depends to a large extent on the experimental 
conditions such as light intensity, temperature and the type of grass. 

The percentages of the various types of larvae recovered varied con- 
siderably. It was found, however, that the proportion of Haemonchus con- 
tortus recovered decreased as the time increased, indicating that this species 
was, under the conditions examined, more active than the other types of larvae. 


VII. THE DISTRIBUTION OF LARVAL TRICHOSTRONGYLES 
ON BLADES OF GRASS 


Three plots of rye grass were allowed to grow to a height of about 10 cm., 
they were cut evenly to a height of 6 cm. and each was infected with about 
6000 larvae. As the plots had grown to such a height the disposition of the 
grass was somewhat irregular and varying amounts of debris had collected 
at the base of the plants. In consequence, strictly comparable results could 
not be expected from each plot. 

The plots were stored in darkness at 12° C. for 2 hr., after which they were 
placed together under a light intensity of 124 f.c. The air temperature around 
the plots varied from 20 to 22° C. After exposure to the light for 2 hr. the plots 
were removed and the grass was cut in 2 cm. sections and the larvae recovered 
separately. Table 4 summarizes the results obtained. 


Table 4 
Section of grass oe Plot I Plot II Plot III 
Top 2 cm. No. of larvae 40 30 Nil 
Typesoflarvae H.contortus100% H.contortus 100% — 
Middle2cm. No. of larvae 50 10 Nil 
Typeoflarvae H.contortus100% H.contortus 100% — 
Lower2cm. No. of larvae 480 310 260 


Typesoflarvae H.contortus58% H. contortus 60%, H. contortus 73 % 
Trichostrongylus Trichostrongylus Trichostrongylus 
spp. 42% spp. 40% spp. 27% 


It is apparent that under the conditions examined the majority of the 
larvae were close to the soil surface. Haemonchus contortus showed the greatest 
ability to migrate to the top of the grass. 

The distribution of larvae on grass under certain environmental conditions 
is discussed in other sections of this paper. 
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VIII. THE CYCLE OF LARVAL MIGRATION DURING THE DAY 


In order to ascertain if the results found in the laboratory using artificial 


light were applicable to field conditions, plots were exposed in an open position 
for 30 min. periods at intervals from 4 a.m. (complete darkness in the morning) 
till 8.30 p.m. (complete darkness in the evening). 


Twelve plots of sedge were prepared and infected with about 2000 larvae 


each. These were stored in darkness overnight. At various periods of the day 
the plots were exposed, the grass removed in the two sections and the larvae 


recovered. 
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Fig. 11. Showing the cycle of larval migration during a bright sunny day. 
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Fig. 12. Showing the cycle of larval migration during a dull cloudy day. 
The changes in humidity temperature and light intensity are also figured. 


Fig. 11 shows the number of larvae recovered, the percentage saturation 


of the atmosphere, temperature and light intensity. 


Most larvae were recovered at 6-6.30 a.m. when the light intensity averaged 


about 64 f.c. It is notable that at this intensity most larvae were recovered 
in the laboratory. From 6.30 a.m. the larval counts went down and remained 
low except for a slight rise at 5-5.30 p.m. when the light intensity was about 
1600 f.c. 


plots were used and points on the graph represent the average of each two 





Fig. 12 shows the results obtained on a dull cloudy day. In this case more 
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plots successively exposed. Most larvae were recovered between 6 and 7.30 a.m. 
when the light intensity averaged about 424 f.c. (Actually most larvae were 
obtained from the plot exposed from 6 to 6-30 a.m. when the light intensity 
averaged about 16 f.c., when the next plot was used the light intensity averaged 
832 f.c.) More larvae remained on the grass during the day than in the case of 
the experiments shown in Fig. 11, and the lowest point was reached between 
1 and 1.30 p.m.when the light intensity was at its highest average value. 

In the evening when the light became weaker there was again no marked 
increase in the numbers of larvae on the grass. 

No definite reason can be advanced for the lack of larval response at the 
appropriate light intensities in the evening. The variations in temperature and 
humidity do not appear to be consistent with the changes in larval counts. In 
this connexion the actual nature of the light may be of importance. Though 
sunlight travels through similar air masses in morning and evening there is a 
difference in the amounts of water vapour, dust, etc., in the atmosphere, 
leading to variations in the actual nature of the light (Shelford, 1930). It seems 
possible, therefore, that the proportions of the different constituent wave- 
lengths of the light may be important in determining the larval response. No 
attempt to discover the reactions of larvae to light of different wave-lengths 
was made, as the sensitivity of the photocell to different types of light was 
unknown. 

It is also possible that the periods of storage of the infected plots in dark- 
ness, which were much longer in the case of the plots exposed late in the day, 
affected the results obtained, though this does not seem likely in view of the 
results obtained in § I. 


Discussion 


From the foregoing observations it can be seen that, apart from their 
influence on the development of Trichostrongyle larvae, environmental con- 
ditions may, under certain circumstances, increase enormously the number of 
3rd stage larvae available for the infection of sheep. 

It appears that dull cloudy damp weather is most favourable for larvae to 
ascend herbage and so to reach positions where they could be ingested with the 
host’s food. Dry weather does not appear to be so favourable, except that it 
may perhaps, increase the incidence of Haemonchus contortus. Very wet con- 
ditions would probably tend to lessen infestations on herbage but would 
increase the proportions of Ostertagia spp. found thereon. Hot weather would 
apparently favour the migration of the larvae, particularly in the case of 
Haemonchus contortus. 

Obviously the seasonal changes in parasite incidence in Western Australia 
(Rogers, 1939) cannot be explained from the knowledge of larval tropisms. 
Infestations were greatest in dry hot weather, and least in the wet cold winter. 
The differences in the incidence of the various types of parasites may, however, 
be explained to some extent. 
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Thus it was found that the average infestation of H. contortus in summer 
was about 60 times the winter average, whereas the average summer infesta- 
tion of Ostertagia circumcincta was only nine times the winter average. The 
present investigation has shown that the former species migrates best under 
hot dry conditions, whereas Ostertagia spp. are most successful on wetter 
grasses. If some factors such as a poor summer diet caused the increase in 
infestations noted in late summer it would be expected, that as conditions in 
summer favoured larvae of Haemonchus contortus to infect sheep and winter 
conditions favoured larvae of Ostertagia spp., the changes in the incidence of 
the former species would be much more marked. 

The seasonal variations in the incidence of the various species of Tricho- 
strongylus were found to be intermediate between those of Haemonchus con- 
tortus and Ostertagia circumcincta, pari passu with the fact that the reaction of 
Trichostrongylus spp. larvae to environmental conditions were also inter- 
mediate between the extremes observed for larvae of the two other species. 

The effect of climatic conditions on the ability of 3rd stage Trichostrongyle 
larvae to infect sheep may assist in determining the geographical distributions 
of the parasites for it has been found (Rogers, unpublished) that Tricho- 
strongylus spp. and Haemonchus contortus are more numerous in lambs from 
the drier areas of Western Australia. Ostertagia circumcincta, though well 
distributed throughout the south-western portion of the state, was found to 
be more frequent in the wetter areas. 

Throughout these experiments it was found that Strongyloides papillosus 
did not move actively. As infection in this species occurs by penetration 
through the skin, ability to move to positions favourable for ingestion would 
not be necessary to effect infestation. 


SUMMARY 


1. It was found that larvae of the genera Trichostrongylus, Haemonchus, 
Ostertagia and Chabertia migrated upwards on the blades of sedge (Kylinga 
sp.) and of rye grass (Lolium perenne) in greatest numbers when subjected to 
a light of an intensity about 62 f.c. 

2. Moisture on the grass was found to favour laval migration. More than 
0-12 ml. of water per sq. cm. of soil surface, however, retarded movement. 
More than 0-2 ml. per sq. cm. tended to prevent larval migration up the grass. 

3. Of the genera examined Ostertagia spp. were most favoured by the 
presence of moisture on the grass; Haemonchus contortus was most hindered 
by its presence. 

4. Increasing quantities of moisture in the soil up to 85 % saturation 
assisted larvae to move on to the grass. Above this value larval migration was 
retarded. 

5. Ostertagia spp. were best able to migrate from wet soil while Haemonchus 
contortus was least able to migrate from wet soil. 
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6. It was found that the presence of water on the soil surface tended to 
lessen the ability of larvae to move on to the grass. 

7. Haemonchus contortus was found to migrate on relatively dry grass at 
a faster rate than Trichostrongylus spp. and Ostertagia spp. 

8. In the temperature range examined larvae were found to move up the 
grass in largest numbers at 5 and 45° C. 

9. Haemonchus contortus was the most active species at higher tem- 
peratures. 

10. The cycle of larval movement during the day, under conditions 
approximating to those of the field, was investigated. The greatest number of 
larvae were recovered from the grass in early morning. Reactions in the 
evening were much less marked. 
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I. INTRODUCTION 
(1) Previous records of caprine amoebae 


In a previous note (Hoare, 1938) I have briefly reported the finding of an 
Entamoeba in the faeces of a goat from Hampshire, this being the first record 
of a caprine amoeba from this country. Since then I have found the same 
amoeba in goats from other localities and intended to make a thorough study 
of its morphology, bionomics and relation to the host. Unfortunately, pressure 
of other work prevented me from pursuing this investigation earlier, while 
at present, owing to circumstances arising from the war, its fulfilment has to 
be further postponed. I, therefore, propose to give an account of the results 
obtained so far, in the hope that at some future date it will be possible to 
return to:the subject and complete the study of this parasite. 

As far as I was able to ascertain, up to the present only the following five 
cases of infection with Entamoeba have been recorded from the domestic goat 
(Capra hircus): (1) Fantham (1923) gave the name Entamoeba caprae to an 
amoeba found in the intestine of a goat and in the stomach of sheep in South 
Africa. The size of the active form was 34 x 25; its oval nucleus, measuring 
9x10u, had a large eccentric karyosome; cysts have not been described; 
(2) Nieschulz (1923a) found an amoeba like EZ. debliecki in the large intestine 
of a goat in Holland. This amoeba will be dealt with more fully below; (3) 
Wenyon (1926) reported the finding in goat’s faeces of an amoeba of the colt- 
type, which was subsequently described by (4) Galli-Valerio (1935) from 
Switzerland and named by him E. wenyoni;} the cysts of this form measured 


1 The name actually given was E. wenioni, but this is an obvious lapsus calami. 
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6-9 in diameter; (5) under the name “£Z. ovis Swellengrebel, 1914” Das 
Gupta (1935) described an amoeba with uninucleate cysts, measuring 
5-8u in diameter, which he found in the stomach of goats from a Calcutta 
abbatoir. 


(2) The porcine amoebae 


As stated in the preliminary note (Hoare, 1938) and, as will be demonstrated 
below, the amoeba from English goats is similar to that found by Nieschulz in 
a Dutch goat. This parasite, only a few specimens of which were seen by 
Nieschulz (1923a), measured +6y in diameter and was similar in size and 
structure to E. debliecki described by the same author (Nieschulz, 1923, 1924) 
from the pig. 

In view of the morphological identity of the caprine form and E., debliecki, 
it will be necessary to consider the parasite of the pig at some length, because 
it is the only one that has been studied in detail. Unfortunately, there is 
considerable controversy as to the number and independence of the species of 
Entamoeba harboured by the pig, with the resulting confusion regarding their 
nomenclature. This necessitates a further digression, but since I have not 
personally studied the amoebae of the pig, I do not propose to concern myself 
with them more than is required to elucidate the position of the amoeba found 
by Nieschulz and by myself in the goat. 

Theobald Smith (1910) was the first to record an amoeba from pigs in the 
United States. This parasite measured between 12 and 16, in diameter; the 
nucleus is in one place said to be “apparently devoid of nucleolus or karyo- 
some”, while in another the author notes the occasional presence of this ele- 
ment. Actually a small kayrosome is plainly visible in the nucleus of some of 
the amoebae seen in the figures (photomicrographs) illustrating the paper, 
especially in Fig. 3 (Pl. XVII). This amoeba was likened by Smith to EZ. coli 
of man, though no name was attached to it, but later Hartmann (1913), who 
re-examined Smith’s original preparations, named it #. suis. However, the 
only adequate descriptions of this species, based on independent observations, 
were given by Noller (1921, 1922) and by Nieschulz (1923, 1924). According to 
these authors—whose findings are in agreement—the active form of EZ. suis 
measures 12-25, while its cysts are 12-15 in diameter; the nucleus is similar 
in appearance to that of the human representatives of the genus, viz. it has 
a small central karyosome, surrounded by a “halo” (achromatic zone) and 
there is a layer of small chromatin granules uniformly arranged on the nuclear 
membrane, to form a continuous beaded ring of “peripheral chromatin”’, 
when viewed in optical section. The cysts produced by this amoeba are 
uninucleate. 

From this amoeba Nieschulz (1923, 1924) differentiated a second repre- 
sentative of Entamoeba in the pig, under the name £. debliecki. This amoeba is 
smaller than #. suis, measuring 5-9u in diameter (mean about 6-5yu); the 
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karyosome of the nucleus is relatively larger and there is no “halo” around it, 
while the “peripheral chromatin” consists of coarse, irregular granules un- 
evenly distributed over the nuclear membrane. This amoeba also forms uni- 
nucleate cysts. Amoebae of the same type have previously been recorded from 
the pig by Cauchemez (1922). 

An amoeba conforming to E. debliecki was again described from Chinese 
pigs by Kessel (1928), who also claims to have found pigs naturally infected 
with amoebae indistinguishable from E. histolytica (with 4-nucleate cysts) 
and £. coli (8-nucleate cysts). 

Frye & Meleney (1934) observed amoebae with uninucleate cysts of both 
the E. suis and E. debliecki types in American pigs and found the difference 
between these two forms so striking that they at first regarded them as 
separate species, but later, having seen individuals in which the nuclear 
characteristics of the two species appeared to occur in all possible combinations, 
these authors concluded that it was impossible to differentiate them but left 
the question as to the independent status of these two forms open. The 
illustrations to Frye & Meleney’s paper are not sufficiently convincing to judge 
whether the true H. swis—as described by Noller and by Nieschulz—was 
actually present, in addition to E. debliecki which is recognizable in some of 
the figures. 

Some of the confusion in the differentiation of the porcine entamoebae 
(with uninucleate cysts) is undoubtedly due to the occurrence of the two forms 
in mixed infections. However, the finding—by Nieschulz (1924) and probably 
also by Cauchemez (1922)—of E. debliecki in pure infections, on the one hand, 
and similar records for H. suis (Néller, 1921), on the other, provide a good 
argument for the independence of these two species. 

From the records considered above it would appear that the domestic pig 
can be naturally infected with four species of Entamoeba: (1) EF. suis and 
(2) E. debliecki, both of which produce 1-nucleate cysts; (3) an E. histolytica- 
like form with 4-nucleate cysts, and (4) an Z£. coli-like form with 8-nucleate 
cysts. In addition to these this animal may harbour (5) an Jodamoeba. 

I have purposely refrained from mentioning earlier the amoeba described 
from pigs (and man) in the Marianne Islands by Prowazek (1912), under the 
name E. polecki, because its position will be appreciated better in the light of 
what has been stated above regarding the other porcine amoebae. Prowazek 
described amoebae measuring 10-12 in diameter, with a nucleus of the 
vesicular type and a karyosome varying in size and position, while the space 
between the karyosome and membrane was said to be sometimes uniformly 
filled with chromatin. The various aspects of the nuclear structure seen were 
attributed to “cyclical processes”. The figures accompanying the paper 
represent one amoeba resembling an Entamoeba (loc. cit., Fig. 1), another which 
might pass for an Jodamoeba or one of the coprozoic amoebae of the so-called 
limag-type (loc. cit. Fig. 3), while the remaining three figures (loc. cit. Figs. 
2, 4, 5) depict indefinable structures. The dubious nature of Prowazek’s 
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amoebae and the consequent unacceptability of the name £. polecki have 
already been noted by some authors (James, 1914; Dobell, 1919; Néller, 1922; 
Nieschulz, 1923, 1924), but others have accepted this name for the entamoebae 
of the pig on grounds of priority or for undefined reasons, most of them 
applying it collectively or indiscriminately to the two forms known as E. suis 
and E. debliecki (Cauchemez, 1922; Kessel, 1928; Frye & Meleney, 1932, 1934; 
Brumpt, 1936; Mackinnon & Dibb, 1938), while Wenyon (1926) reserves the 
name E. polecki for E. suis and recognizes the independence of E. debliecki. 
Since the name E. polecki was given to one or more amoebae which cannot 
be identified with any of those described from the pig, it is impossible to 
determine which of the three known porcine amoebae! (HZ. suis, E. debliecki, 
Iodamoeba) had actually been seen by Prowazek. Hence it follows that 
this name cannot be used for any of the above-named species, but is to 
be rejected as nomen nudum. On these grounds and until the contrary is 
proved, I accept EZ. suis and E. debliecki as distinct and valid species. 


II, MATERIAL AND METHODS 


The material on which this study is based consisted of the faeces of ten 
goats from three different localities in England. Amoebic infection was first 
discovered in a sample of a stool from a goat from Hampshire, sent to me for 
diagnosis by Mr G. N. Gould (junr.), M.R.C.V.S. (cf. Hoare, 1938), who sub- 
sequently kindly provided me with similar material of five other cases from the 
same farm. Samples of positive stools from two goats kept in Kent were 
received from Dr R. F. Montgomerie, of the Wellcome Physiological Research 
Laboratories, and two further cases of infection were found in goats belonging 
to the Royal Veterinary College, London, by Miss M. L. Bingham, M.R.C.V.S., 
while working in this laboratory. 

The faeces were examined and preparations made several hours after the 
stools had been passed, but as the faeces contained only encysted forms of the 
amoeba this delay is of no importance as far as the normal appearance of the 
cysts is concerned. 

Preparations were made by standard methods: fixation in Schaudinn’s 
fluid, with the addition of 5 % acetic acid; staining with Heidenhain’s iron 
haematoxylin, with or without eosin as a counterstain. Smears were also 
examined fresh and after treatment with Weigert’s iodine solution. 


III. Description 
(1) Incidence and habitat 


The total number of goats examined for amoebae was fourteen, of which 
ten proved to be infected. The three localities (Hampshire, Kent, London) in 
which the infected animals occurred are the only ones from which any data 


1 If we exclude E. histolytica and E. coli, the presence of which in the pig has been disputed. 
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are available and, therefore, no general conclusions as to the incidence of the 
caprine amoeba are warranted. However, the finding of positive cases in all 
the random samples examined would suggest that this parasite is common in 
English goats. In all the cases seen the only forms of the amoeba in the faeces 
were cysts, the numbers of which varied considerably in different goats. In 
the absence of free, active amoebae in the material at my disposal it cannot 
be asserted without further proof that the site of infection with this parasite 
is the intestine of the goat. As Das Gupta (1935) found the cysts of an amoeba, 
comparable to ours in dimensions, in the stomach of Indian goats, I have 
examined samples of the cud from two of the infected goats, but failed to find 
any amoebae—active or encysted—in them. The only organisms present (in 
addition to bacteria) were numerous yeast cells and Ophryoscolecid ciliates of 
the genus Entodinium: these were also seen in the faeces of the goats, together 
with abundant cysts of the amoeba. These observations are, of course, not 
sufficient to justify any final conclusions, but the occurrence of the amoeba 
recorded by Nieschulz (1923a) in the large intestine of the goat renders it 
probable that the normal habitat of the caprine amoeba in question is the 
intestine. 


(2) Structure 


The majority of the cysts are spherical, but ovoid and ellipsoid ones have 
also been encountered (Fig. 14). The cysts vary considerably in size. Measure- 
ments of 800 individuals in three strains showed a range of 4-75-13-30p in 
diameter (see Figs. 1-10, in which the cysts are arranged in the ascending 
order of their size). 

The structure of the nucleus is the most characteristic feature of the goat 
amoeba. It is more or less circular in outline and measures 1-9-4-2y in dia- 
meter, being approximately one-third of the diameter of the cyst. However, 
the size of the nucleus is not always in proportion to that of the body. The 
karyosome is relatively large (0-6-0-9u across); it is somewhat irregularly 
rounded and lies in the centre of the nucleus in the majority of individuals 
(about 65 %), while in others it is eccentric. There appears to be no achromatic 
zone or “halo” around the karyosome. The nuclear membrane is lined with 
chromatin in a very irregular manner. In optical section the “peripheral 
chromatin” appears to consist of lumps or granules of different size and shape, 
disposed in a circle—some in contact, others separated from each other—in 
two, three, four or more groups. The circumference of the nuclear membrane 
thus presents the appearance of an incomplete string of unevenly distributed 
beads of different sizes, which are only in exceptional cases continuous, forming 
a complete ring as shown in Fig. 12. By focusing the microscope at different 
levels, so as to obtain a surface view of the nucleus, it can be seen that the 
peripheral chromatin forms patches of irregular size and shape on the surface 
of the nuclear membrane which—in section—produce the appearance described 
above. The arrangement of the nuclear elements is also clearly visible in fresh 
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preparations and in those treated with iodine. The space between the karyo- 
some and the membrane is free from chromatin. 

The cysts contain two conspicuous cytoplasmic inclusions: chromatoid 
bodies and glycogen. The chromatoid bodies, from one to three of which are 
commonly present, can be elongated, rounded or irregular in shape; usually 
with rounded ends but sometimes splinter-shaped (Fig. 7). On rare occasions 





ee 
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Figs. 1-15. Entamoeba debliecki from English goat « x 2000). 1-10, cysts belonging to two races 
arranged in the ascending order, according to size; 11, cyst with acicular chromatoid bodies; 
12, cyst with peripheral chromatin of nucleus forming complete ring; 13, cyst with peripheral 
chromatin in two groups; 14, elongated cyst; 15, cyst in which the ring is almost complete. 
Glycogen vacuoles are present in all the cysts except 2 and 3. 
chromatoid bodies are encountered in the form of a sheaf of slender acicular 
rods (Fig. 11). The glycogen inclusion is visible in fresh preparations treated 
with iodine solution, in which it appears as a single, fairly large, pale brown 
mass, irregularly rounded and, as a rule, not sharply outlined. Its appearance 
is similar to but relatively larger than the glycogen inclusion in cysts of E. 
histolytica. In permanent stained preparations the space occupied by the 
glycogen mass is revealed by a large vacuole. Chromatoid bodies and glycogen 
vacuoles were present in most of the cysts examined. Within the cytoplasm 
there are also a number of dark-staining granules of undetermined nature. 
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(3) Races 


As stated already, the dimensions of 800 cysts belonging to strains from 
three goats showed a range of 4-75-13-30u in diameter. However, the full 
range was covered only by the cysts obtained from one of the goats («), for 
in the other two (y and £) it did not go beyond 8-55 and 9-50 respectively. 
Thinking that this difference might be due to the existence of more than one 
race in the caprine amoeba, I have determined the frequency distribution of 
the cysts belonging to the three strains in respect to their dimensions (dia- 
meters), with the results shown in Table 1. 


Table 1. Frequency distribution of three strains of Entamoeba 
debliecki (caprine) in respect to size of cysts 


Diameter of cysts in microns 





cr - — Totalno. 

Strains 4-75 5-70 6-65 7-60 8-55 9-50 10-45 11-40 12:35 13-30 measured 
x 7 100 126 45 1 59 74 71 14 3 500 
B 4 43 101 36 8 8 —- - -—— oo 200 
y 1 14 33 43 9 on ~ _ we ~_ 100 


If the measurements for strain « are grouped into classes of about ly 
(actually 0-95) and the corresponding frequency histogram and polygon 
plotted out, as shown in Fig. 16, it is seen that the curve has two apices, the 
cysts being symmetrically distributed around two modes, 6-65 and 10-45. 
From these data it is evident that strain « is represented by two races, a small 
one measuring 4-75-8-55u, and a large one 8-55-13-30u. A glance at the 
figures for the other two strains (B and y: Table 1) shows that they were both 
infected with the small race, though it is possible that in 8 there was a slight 
admixture of cysts belonging to the larger race (8-55-9-50u). In view 
of the relatively slight infections in the remaining seven goats, only a few 
cysts in each case were measured and were found to correspond to the small 
race. 

Representatives of all the size-groups comprising the two races of amoebae 
are depicted in Figs. 1-10 from which it is also obvious that there is no struc- 
tural difference of any kind between the two races. There can, therefore, be 
no doubt that they belong to one and the same species, like the races of 
E. histolytica described by Wenyon & O’Connor (1917) and by Dobell & Jepps 
(1917, 1918). 


(4) Effect upon host 


From the data I was able to obtain it would appear that the amoeba found 
in English goats is not pathogenic to its host. According to information sup- 
plied by Mr Gould, four of the infected goats from Hampshire were in poor 
condition and had digestive troubles. However, they were all infested with 
worms (Strongyloides), and two of them, moreover, were suffering at the same 
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time from the after-effects of parturition. The symptoms disappeared after 
treatment but the amoebae persisted in the stools. As regards the two other 
goats from the same farm, they were in perfect physical condition, though 
infected with the same amoeba. The four infected goats from Kent and London 





















130 
120 
110 ‘ 
Or || «eta i 
90 > ‘ 
80 ‘ ‘ 
: 
: ‘ 
2 70Fr me 
g ' ‘ ° H 
i oF 
5 60} ; ' = ' : 
_ ‘ J ‘ . 
” : : 
50} 
’ ' ’ : ' 
: r--- H ' 
: : ’ ‘ 
40}- ' ' ’ ‘ 
; - : ' : 
’ ’ 4 : ° 
; 
30 }- ' : ‘ : 
; 
20+ : : ; ' ‘ 
E 4. a . £ w 
;p 6 . +. 
10} Pod aa 
: : ‘ 
vane T Ee: SOR SR GE SRE ET T 
4°75 5-70 6°65 7-60 8°55 9-50 10-45 I40 12-35 13-30 
Microns 


Fig. 16. Histogram and polygon illustrating the frequency distribution, in respect of size, of 
cysts of a caprine strain («) of Entamoeba debliecki, and revealing the presence of two races. 


were likewise in good health. The stools were normal in all the cases but one, 
a Hampshire goat, in which the pellets were clumped together and were of 
a softer consistency than is usual. 

There is thus no evidence that the amoebic infection had any harmful 
effect upon the goats examined up to the present. However, further obser- 
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vations and experiments are required before the potential pathogenicity of 
this amoeba can be entirely excluded. 


IV. Discussion 


From the foregoing description it is evident that the amoeba of English 
goats is quite distinct from EF. caprae Fantham, 1923 which is considerably 
larger (34 x 25) and has a different nuclear structure, as far as can be gathered 
from the meagre description.1 Our amoeba differs from EF. wenyoni Galli- 
Valerio, 1935 in the possession of 1-nucleate, instead of 8-nucleate cysts. As 
regards the amoeba found in Indian goats by Das Gupta (1935), though it 
agrees with ours in having uninucleate cysts of similar dimensions, in the 
absence of any cytological data no opinion can be expressed about their mutual 
relationship. 

As stated already, our amoeba appears to be identical with the E. debliecki- 
like form reported by Nieschulz (1923a) from the goat and commonly found in 
the pig (Nieschulz, 1923, 1924). Through the courtesy of Dr O. Nieschulz I 
had the opportunity of examining his original preparations of FE. debliecki and 
was able to confirm the impression formed after reading his published descrip- 
tions, namely that morphologically the amoeba of English goats is indis- 
tinguishable from E. debliecki of the pig. It should be noted here that Nieschulz 
makes no mention of the presence of glycogen—which is such a characteristic 
feature in our amoeba—in E£. debliecki, while Cauchemez (1922), in describing 
what is evidently the same amoeba, even refers to it as “non-iodophile”. 
There can be no doubt from the accounts given by these observers that the 
failure to detect the presence of glycogen was due to the fact that they were 
both dealing with material containing almost exclusively the active amoebae, 
whereas glycogen is produced in the course of encystation and is usually found 
in the cysts. Nevertheless, some of the forms depicted by these authors 
actually reveal the presence in the cytoplasm of a large cavity corresponding 
in size and appearance to the glycogen vacuole seen in stained cysts of our 
amoeba (cf. Figs. 1-15). Such a vacuole can be seen in a rounded form (cyst?) 
appearing in the illustration given by Cauchemez (1922) and in the figure of 
a cyst in one of the papers by Nieschulz (1924; Fig. C, 3). It may be added that 
glycogen was also observed by Kessel (1928) in cysts of the porcine amoeba 
corresponding to E. debliecki. 

In addition to pigs (including wild porcines: cf. Mackinnon & Dibb, 1938) 
amoebae similar to E. debliecki were described by Triffitt (1926) from an eland 
(Oreas canna). This parasite has uninucleate cysts measuring 5-12, in diameter 
and containing a large glycogen vacuole and chromatoid bodies. In the figures 
the nucleus appears to be of the same type as in the caprine amoeba. The author 
had evidently overlooked Nieschulz’s record, for she states that “no record 


1 There are no grounds whatever for identifying E. caprae with E. debliecki, as suggested by 
Mackinnon & Dibb (1938). 
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can be found of any similar form occurring in ruminants”. Recently, Mackin- 
non & Dibb (1938) reported the finding of “E. polecki” [=E. debliecki] in a 
muntjac (Muntiacus reeves). Thus, in addition to the goat, at least two other 
ruminants may harbour amoebae indistinguishable from the porcine species. 

As regards E£. ovis, first described from sheep (Swellengrebel, 1914) and 
later seen in antelopes by Triffitt (1926), the nuclear structure of this form 
corresponds to that of the human entamoebae and E. suis, and it would seem 
that the caprine amoeba of the debliecki-type bears the same relation to 
E. ovis as the porcine E. debliecki to E. suis (cf. Nieschulz, 1923a, 1924). Our 
knowledge of some other amoebae recorded from ruminants (e.g. EZ. bovis) is 
too scanty for comparison. 

The dimensions of the cysts of the pig amoeba conforming to E. debliecki, 
as given by different observers, would seem to indicate that, like the caprine 
form described in the present paper, it also may comprise two races differing 
in dimensions. Since a statistical analysis has not been applied in the case 
of the porcine amoeba, the possible existence of distinct races can only be 
inferred from the difference in the range of measurements obtained by various 
authors. Thus in the strains examined by Nieschulz (1923, 1924) the size of the 
amoebae varied from 5 to 94 which almost exactly coincides with the range 
for the small race of our caprine amoeba (cf. Table | and Fig. 16), whereas, in 
the cases described by Cauchemez (1922) and by Pavloff (1935) the range 
(5-12) covered both our small and large races (cf. Table 1 and Fig. 16). 
Similar measurements were given by Triffitt (1926) for cysts of the amoeba 
from the eland (5-12,). 

We now turn to the classification of the amoeba of the goat. Nieschulz 
(1923a), who first recorded it, noted its close resemblance to E. debliecki but 
referred to it as “Entamoeba sp.”’, probably not willing to commit himself to 
a specific name owing to the paucity of the material at his disposal. In the 
present study, for which abundant material was available, it has been demon- 
strated conclusively that the amoeba of the goat is morphologically indis- 
tinguishable from the porcine amoeba. In the absence of any experiments 
nothing is known as to whether the caprine strain is capable of infecting pigs 
or the porcine one of infecting goats. There is, however, good evidence that 
goats may harbour this amoeba in the absence of any association with pigs, 
for—according to information provided by Mr Gould—tthe six infected Hamp- 
shire goats and their ancestors for several generations back were bred on the 
same farm, where no pigs have been kept for at least 23 years and no pig 
manure has been used on the pastures. 

In any case, irrespective of the outcome of any future cross-infection 
experiments, the fact that these two organisms are identical in all their 
morphological features is sufficient to classify them together in one species, 
E. debliecki Nieschulz, 1923. If future investigations should prove that the 
caprine and porcine strains are each specific to its own host, this would in no 
way invalidate their retention in one species, but would merely indicate that 
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E. debliecki consists of two physiological (or ecological) races, one adapted to 
life in the pig, the other in the goat. 


V. SUMMARY 


An amoeba was found in the faeces of ten out of fourteen English goats 
from three different localities. 

The amoeba, of which a detailed description is given, is morphologically 
identical with Entamoeba debliecki of the pig and is therefore included in the 
same species. 

A statistical analysis shows that the caprine strains of EZ. debliecki comprise 
two races distinguishable from one another by the size of their cysts but 
identical in all other features. 

The caprine amoeba appears to be non-pathogenic. 

In view of their bearing upon the systematic position of the parasite of the 
goat, a critical review is given of the data concerning the various amoebae 
previously recorded from the pig, goat and some other ruminants. 


REFERENCES 

Broumpt, E. (1936). Précis de parasitologie, 5th ed. 1. Paris. 

CauCcHEMEZ, L. (1922). Présence d’amibes non-iodophiles chez des pores frangais. Bull. Soc. 
Path. exot. 15, 390. 

Das Gupta, M. (1935). Preliminary observations on the protozoan fauna of the rumen of 
the Indian goat, Capra hircus Linn. Arch. Protistenk. 85, 153. 

DoBELL, C. (1919). The Amoebae Living in Man. London. 

DosBELL, C. & Jepps, M. W. (1917). On the three common intestinal entamoebae of man, 
and their differential diagnosis. Brit. med. J. 1, 607. 

—— -—— (1918). A study of the diverse races of Entamoeba histolytica distinguishable 

from one another by the dimensions of their cysts. Parasitology, 10, 320. 

Fantuam, H. B. (1923). Some parasitic Protozoa found in South Africa. S. Afric. J. Sci. 
20, 493. 

Frye, W. W. & Meveney, H. E. (1932). Investigations of Endamoeba histolytica and other 
intestinal protozoa in Tennessee. IV. Amer. J. Hyg. 16, 729. 

—— (1934). Studies of Hndamocba histolytica and other intestinal protozoa in 
Tennessee. VIII. Amer. J. Hyg. 20, 404. 

GALLI-VALERIO, B. (1935). Notes parasitologiques. Schweiz. Arch. Tierheilk. 77, 643. 

Hartmann, M. (1913). Morphologie und Systematik der Amében. In Kolle & Wassermann’s 
Handb. pathogen. Mikroorgan. 2nd ed. 7, 607. Jena. 

Hoarg, C. A. (1938). Miscellanea protistologica. I. An Entamoeba from the goat. T'rans. 
Roy. Soc. trop. Med. Hyg. 32, 8. 

James, W. M. (1914). A study of the Entamoebae of man in the Panama Canal zone. Ann. 
trop. Med. Parasit. 8, 133. 

KessEL, J. F. (1928). Intestinal protozoa of the domestic pig. Amer. J. trop. Med. 8, 481. 

Macxrnnon, D. L. & Diss, M. J. (1938). Report on intestinal protozoa of some mammals 
in the Zoological Gardens at Regent’s Park. Proc. zool. Soc. Lond. B, 108, 323. 

Nrescuutz, O. (1923). Over de darmamoeben van het varken. Tijdschr. Diergeneesk. 

50, 736. 

















ad to 


rOats 


cally 
. the 


rise 
but 


the 
-bae 











Ceci, A. HOARE 237 


NiESCHULZ (1923a). Giardia capraen.sp.en Entamoebasp., nieuwe darmparasieten van de giet. 
Tijdschr. Diergeneesk. 50, 780. 
—— (1924). Ueber Entamoeba debliecki mihi, eine Darmamébe des Schweines. Arch. 
Protistenk. 48, 365. 
Nouuer, W. (1921). Ueber einige wenig bekannte Darmprotozoen des Menschen und ihre 
nachsten Verwandten. Arch. Schiffs. Tropenhyg. 25, 35. 
—— (1922). Die wichtigsten parasitischen Protozoen des Menschen und der Tiere. 
I. Teil. In Ostertag, Wolffhiigel & Ndéller’s Tier. Parasit. Haus.- u. Nutztiere, 1, Berlin. 
Paviorr, P. (1935). Recherches sur la présence de kystes 4 quatre noyaux d’amibes 
dysentériques dans les excréments des porcelets. Ann. Parasitol. hum. comp. 13, 155. 
ProwaZEK, S. von (1912). Entamoeba. Arch. Protistenk. 25, 273. 
Smita, T. (1910). Intestinal amebiasis in the domestic pig. J. med. Res. 23 (N.S. 18), 423. 
SwELLENGREBEL, N. H. (1914). Dierlijke Entamoeben uit Deli. Geneesk. Tijdschr. Neder- 
land.-Indié, 54, 420. 
Trirritt, M. J. (1926). Observations on amoebae found in the faeces of certain African 
ungulates. Protozoology (suppl. to J. Helminthol.), no. 2, 27. 
Wenyon, C. M. (1926). Protozoology, 1. London. 
Wenyon, C. M. & O’Connor, F. W. (1917). Human Intestinal Protozoa in the Near East. 
London. 


(MS. received for publication 11. 1. 1940.—Ed.) 








